


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.3. Density surfaces over base maps. A- Kernel density hotspots (red outlines) overlain 
on habitat map. Gray colors represent non-vegetated areas; yellow to green color ramp represents 
a continuum from grasses to dense vegetation.  B- Kernel density hotspots overlain on the DEM. 
Light colors indicate high areas (upslope) and dark areas indicate low areas (river valley, 
canyons).  Stars indicate 2003 carcass locations, squares indicate 2004 locations, X’s indicate 
2005 positive carcasses, and circles indicate anthrax suspect cases from 2005. 
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Figure 4.4.  Interpolated wind speeds from recordings at trap sites (green to red color ramp).  Fly 
densities are indicated by gray color ramp (light 2 – 3 SD, dark gray to black > 3 SD). 
 

eastern river valley.  Kernel density estimates are overlain on Figure 4.4 to demonstrate the 

relationship between wind speeds and fly catches. 

 The Gi* statistic identified local clusters of high catch rates in each of the four setup 

periods.  The highest Gi* values for high catch rates at each of the four periods was at dc = 500 

m.  Clusters of low values were detected at 2000 m for Setup 1 and Setup 2, but not for the other 

two periods.  Figure 4.5 illustrates the distribution of clusters for both low and high values at 

both critical distance thresholds.  Distances 1000 m and 1500 m are not displayed, as they were 

did not achieve the greatest Gi* values for any of the four setup’s.  The Gi* clusters agree with 

the kernel density results and both indicate that the northeast central region (low lying areas) 
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Figure 4.5. Gi* cluster locations at 500m and 2000m.  Red circles indicate clusters of high 
values; blue circles indicate clusters of low values.  Gray circles identify the distance band 
around each trap site (gray symbols).  Red symbols indicate confirmed anthrax carcass locations 
on the ranch between 2003 and 2005.  Black symbols represent suspect anthrax sites from the 
2005 outbreak.  Note Setup 3 and Setup 4 were collected during the same time period. 
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promote high fly numbers, while the northwestern (upland) areas do not. In fact, the highland 

areas were identified as clusters of significantly low catch rate values at larger distances.  The 

Gi* results agree with the kernel density hotspot analysis.  Both analyses identified hotspots of 

high fly catches in the eastern low lying areas, with smaller scale low value clustering in the 

west.  Additionally, both indicated localized clusters of high fly numbers around trap sites. 

4.4 Discussion 

The results from this preliminary study indicate that the distribution of biting flies is not 

spatially uniform across the study area and that clustering of biting flies occurs on the eastern 

end of the ranch.  This coincides with the locations of anthrax positive and suspect deer cases 

between 2003 and 2005.  Likewise, the distribution of suspect cases closely mirrors the location 

of deer carcasses found and burned in a large 2001 outbreak (greater than 100 individual deer) on 

the ranch that was not mapped with the precision of this current study (B. Culp, pers. comm.2).  

This provides quantitative evidence that the fly/carcass associations observed by Gates et al. 

(1995b) for bison in Canada, may have an important role for deer in Texas.   

The spatial techniques used here have been useful in other disease systems for identifying 

areas of high vector density and the scale of clustering.  Jeffery et al. (2002) used a combination 

of kriging and the Gi* statistic to identify areas of abundant mosquito vectors for Ross River and 

Barmah Forest viruses in Australia.  Like the results of this current study, Jeffery et al. (2002) 

found agreement between both techniques for identifying spatio-temporal hotspots of insect 

populations and used the Gi* statistic to identify clusters of both high and low catch values 

across weekly sampling intervals.  Getis et al. (2003) also found spatio-temporal clustering at 

local scales for mosquitoes associated with Dengue Fever in Peru.  Vazquez-Prokopeck et al. 

                                                 
2 B. Culp is the current ranch manager of the study ranch and was primarily responsible for carcass disposal in the 
2001 and subsequent outbreaks. 
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(2005) and Cecere et al. (2005) identified significant clusters of high Triamtomine insect 

populations in rural Argentina using the Gi*.  Similar to this current study, maximum Gi* values 

were at local distances, suggestive of limited individual dispersal despite species-specific 

capacity for long-distance movements (over several kilometers).  In this current study clustering 

or high fly catches were greatest (highest Gi* values) at a critical distance of 500m, suggesting 

that single traps and their immediate neighboring sites had a greater relationship to one another 

than distant sampling sites during any given sampling period.  This may be an artifact of the 

sampling scheme, with some trap locations spaced farther apart than others (Figure 4.2A).  

However, this also makes biological sense, as Foil (1989) provided strong evidence that despite 

the potential for long-distance movements in biting flies (upwards of several hundred meters to 

several kilometers; tabanids are strong fliers), most individuals in mark-recapture studies 

traveled less than 50 m and often returned to the same host for multiple feedings.  Though these 

results do not preclude flies from traveling several kilometers, it is plausible that flies will remain 

within as short a distance as possible to deer.  Deer counts by ranch staff also indicate a greater 

number of deer on the eastern end of the ranch, which may support shorter travel distances 

between meals for individual flies.  In this current study, the kernel density analysis confirmed 

hotspots of fly locations on the eastern side of the ranch in the three time periods. While there 

was some shifting of small hotspots around individual trap sites, a core area was identified along 

the large dry river bed that runs through the north central portion of the ranch (Figure 3.3A).  

This area had the densest vegetation (dark green habitat class in Figure 3.3A) and was at low 

altitude, providing refugia from high winds found in the northern upland areas (Figure 3.3B).   

The Gi* values indicated clusters of low catch values along the northern boundary of the 

ranch (Figure 4.3) at a large critical distance (2000 m).  A review of Figure 4.3B indicates that 

 92



 

the northern and western boundaries of the ranch are dominated by a high, sparsely vegetated 

ridgeline that provides minimal shelter for flies from direct summer sunlight and higher average 

wind speeds upslope.  Figure 4.4 confirms that winds along this ridgeline are very high.  

Additionally, deer on this portion of the ranch would likely move vertically and horizontally to 

find patches of vegetation for shade, which could increase the search distance between blood 

meals.  The combination of these factors makes the western and northern along the ridgeline less 

suitable for flies than the eastern river valley. 

The spatial distribution of flies on this study ranch indicates a strong relationship between 

biting fly densities and known sites of anthrax deaths in deer.  Like flies, anthrax spores are 

sensitive to direct heat from sunlight and more often associated with canyon bottoms in this part 

of Texas because of a higher percentage of organic material and calcium (van Ness 1971).  The 

scenario described above indicates that the geography of the ranch lends itself to greater potential 

for deer/fly interactions and anthrax spore survival along the dry river valley and associated 

habitats.  While it can not be ruled out that biting fly numbers and anthrax cases occur 

contemporaneously through mutually exclusive ecological mechanisms, the high overlap 

between biting fly clusters and anthrax does suggest a potential relationship that warrants future 

research.   

While the clustering patterns of this study indicate greater fly numbers at small distances, 

no evidence is available on the flight distances of flies on this ranch.  While Foil (1989) indicated 

that flies return to individual host animals for repeat blood meals, his study did indicate that flies 

can travel upwards of 200 m in search of a meal.  Likewise, wind speeds did show diel 

variability and high valley winds could potentially force flies great distances.  While Chapter 6 

confirmed that individual deer have limited home ranges on this ranch, no data are available on 
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potential avoidance behaviors in this deer population.  A combination of environmental 

conditions, deer avoidance behaviors, and 50 m or greater search patterns could quickly expand 

the spatial footprint of an outbreak if flies were exposed to anthrax bacilli during blood meals.  

This can be defined as the space-multiplier hypothesis.   

This study confirms a positive spatial relationship between confirmed anthrax deaths and 

biting flies, no diagnostic tests were run to confirm B. anthracis in biting flies.  Likewise, 

collections were not identified to species, given a lack of knowledge of which flies in Texas may 

carry bacilli.  The summary of species in Ganeva (2004) suggests that mouth parts of several 

species are appropriate, and since transmission is mechanical (Turrell and Knudson 1987) the 

majority of fly species are likely capable of moving bacilli.  This study indicates that the role of 

biting flies is under-appreciated and under-investigated in relation to anthrax.  The spatial 

techniques applied here support a positive relationship between disease cases and fly densities 

and suggests a direction for future research in this area.  
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CHAPTER 5   THE CASE-MULTIPLIER HYPOTHESIS: POSITIVE CONFIRMATION                 
                          OF ANTHRAX SPORES IN NECROPHILIC FLIES IN WEST TEXAS 
 
5.1        Introduction   

Necrophilic flies have been implicated as Bacillus anthracis spore carriers for more than 

a century (Buchanan 1907, Graham-Smith 1914).  Graham-Smith (1914) experimentally fed 

viable spores to multiple life stages of flies and successfully re-isolated spores from the gut 

content and fecal deposits of all life stages, suggesting not only that flies could move anthrax 

spores, but that spores could survive in the gut of flies through life stages (e.g. larvae to adult).  

Additionally, Graham-Smith (1914) confirmed that spores can survive on body parts in the gut 

and feces of flies for extended periods of time (several to 24 hours on the body parts and 

upwards of 20 days in fecal matter).  In an outbreak situation, flies feed on the body fluids and 

tissue of dead animals and pick up the spores on body parts or through ingestion.  Once satiated 

or disturbed, flies travel to nearby vegetation and defecate or regurgitate and deposit spores, 

which may then be ingested by browsing ungulates (Hugh-Jones and De Vos 2002).  These flies 

complete digestion by eating their regurgitated food and thus can lead to extensive contamination 

of the browse surrounding an infected carcass.  De Vos (1990) confirmed that blowflies of the 

genus Chrysoma contaminated vegetation important to the diet of greater kudu, Tragelaphus 

strepsiceros, with spores and promoted anthrax outbreaks within the Kruger National Park in 

Africa.  Likewise, the study confirmed that fly defecation near carcasses usually occurred on 

vegetation at heights preferential for greater kudu browsing feeding behavior.  Hugh-Jones and 

De Vos (2002) suggested a similar anthrax transmission cycle of necrophilic fly 

contamination/infection for white-tailed deer, Odocoileus virginianus, in North America.  

However, no published data are available to confirm the presence of anthrax spores in 

necrophilic flies in the U.S. in recent outbreaks.  This paper introduces preliminary findings on 
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the presence of anthrax spores in necrophic flies collected during the 2005 anthrax season 

(summer months) in West Texas and presents the Case-Multiplier Hypothesis to explain the role 

of non-blood feeding flies in the anthrax transmission cycle. 

5.2 Methods and Results 

 Necrophilic flies were collected from the carcasses of eight dead deer between 5 June and 

15 October 2005 on a ranch in west Texas with well documented previous anthrax exposure.  

This ranch, approximately 50 miles north of Del Rio, has seen repeated cases of anthrax in deer 

between 2001 and 2005.  Large outbreaks were documented in 2001 (Coker 2002) and 2005, 

with smaller intermittent incidents of a single or few (2 or 3) cases in non-outbreak years (see 

Chapter 6 for 2005 case data).  Flies were collected by holding a sterile whirlpak® bag over a 

natural skin tear in the axillary region of the carcass.  As flies would leave the body cavity, they 

would exit the wound and fly upwards into the bag.  The bag was closed after several individuals 

(e.g. 5 – 10 count) entered.  Flies were frozen at -30°C in the field and transported to the 

diagnostic laboratory at Midwestern Research Institute for diagnostic work-up.  Prior to 

laboratory analysis, flies were identified as members of the Calliphoridae and Sarcophagidae 

(Diptera) families by the Department of Entomology at Louisiana State University.   

Flies from a single sampling bag were placed in a large glass test tube and ground with a 

tissue grinder.  100 µL samples from each bag were then transferred to blood agar plates and 

incubated at 30°C for 24 hours.  A single colony was isolated from one of the eight 

representative samples of flies collected.  The colony was non-hemolytic and showed atypical 

morphology on blood agar, lacking the typical ground glass appearance (colony appeared 

smooth).  The colony was sub-cultured and re-plated on tryptacase soy agar. The sub-culture 

showed typical morphology and was subjected to microbial biochemical characterization 
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(Microlog, BiOLOG, Hayward, CA) and confirmatory PCR (PathAlert, Invitrogen Corporation, 

Carlsbad, CA). 

 This preliminary result confirms that necrophilic flies do interact with anthrax-positive 

deer carcasses in West Texas and may therefore play a role in outbreak promotion.  Whatever the 

role of necrophilic flies, they probably do little to expand the spatial extent of anthrax outbreaks, 

given that these species tend to deposit the greatest amount of fecal material within the 

immediate vicinity of carcasses, despite the potential to move over 30 km (Braack and De Vos 

1990).  It is more plausible that necrophilic flies move viable spores from carcasses on the 

ground to vegetation preferred by deer, likely increasing the number of deer that will be infected 

by spores from a single index carcass.  This can be defined as the Case-Multiplier Hypothesis.  

This hypothesis, might partially explain the rapid onset of cases in a wildlife outbreak discussed 

by Hugh-Jones and De Vos (2002).  As many of the wildlife species infected in Africa and North 

America are browsers, it could be that browsing spores is more a realistic transfer mechanism 

than grazing spores and ingesting soil.  This suggests that further research is warranted to 

quantify the role of flies in North American wildlife outbreaks.   
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CHAPTER 6          HOME RANGE CALCULATIONS FOR WHITE-TAILED DEER IN      
                                 AN ANTHRAX AREA 
 
6.1 Introduction 
 
 Anthrax disease remains a problem for both wildlife and livestock in parts of North 

America, particularly wildlife in Texas (Hugh-Jones and De Vos 2002).  Prin and Weyerhaeuser 

(1987) considered anthrax a major component in population control and natural selection in 

small game reserves in Africa.  This study also suggested that an in-depth understanding of the 

ecology of anthrax is critical for successful game reserve management.  Despite these 

suggestions, the ecology of Bacillus anthracis, the etiological agent of anthrax, remains poorly 

understood (Smith et al. 2000).  This is particularly true with respect to transmission cycles and 

pathways of infection in wildlife species.  There is little direct evidence available to determine 

the specific routes of anthrax infection in free ranging animals.  Gates et al. (2001) suggest that 

spore ingestion or inhalation are the most likely sources of infection for ungulates. However, this 

suggests that species feed on vegetation close to the ground.  This is certainly plausible for 

grazing feeders – individuals that feed on grasses and near the soil, such as bison, Bison bison, or 

domestic cattle.  Cattle, for example, use their tongue to pull vegetation out of the ground and 

ingest soil coated roots.  However, the most common wild species affected in North America is 

the white-tailed deer, Odocoileus virginianus, a preferential browser with a potentially limited 

appetite for grasses (Halls 1984, Whittaker and Lindzey 2004).  This suggests that other 

ecological factors may be involved with disease transmission in non-grazers.   

Gates et al. (1995) suggests that individual behavior may play a role in infection.  For 

example, bison outbreaks in the northern plains of Canada are often gender-biased with a greater 

number of males dying than females. While no direct evidence has been presented to date, Gates 

et al. (1995) suggest that male infection may occur due to territorial behaviors, where males 
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defend a large wallow – soil bath – and actively dig and kick up dust.  The hypothesis suggests 

that males interact with spores in the wallows.  However, attempts to isolate spores in wallows 

have proven difficult.  Lindeque and Turnbull (1994) found similar results for a number of 

African ungulate species in Namibia; again suggesting that some behavioral mechanism or 

physiological tolerance triggers a greater number of infections in males. However, Gates et al. 

(2001) suggest that gender-specific physiology is unlikely to affect infective dosages, as anthrax 

occurs in summer when most species are out of breeding season and both genders are under near 

equal environmental stress from heat and lack of rain.  Likewise, a review of carcasses surveyed 

in Texas from 2001 – 2005 indicated that deer sex ratios are near equal during anthrax outbreaks. 

While B. anthracis is primarily defined as a soil-borne bacterium (van Ness 1971, Smith 

et al. 2000), there is limited evidence on the potential role of both necrophilic and biting insects 

as potential vectors for the disease, primarily hematophagous flies (Gates et al. 2001).  This 

poses a second pathway of infection that could impact wildlife, again with minimal field 

observation or behavioral research.  De Vos (1990) confirmed the role of necrophilic flies in case 

multiplication in the Kruger National Park in Africa during an outbreak in greater kudu, 

Tragelaphus strepsiceros, through the movement and deposition of anthrax in defecation 

deposited on vegetation regularly fed on by the affected population.  Hugh-Jones and De Vos 

(2002) theoretically extended this transmission mechanism to North America, as white-tailed 

deer are browsers.  Chapter 5 of this dissertation supports this hypothesis in Texas, with the 

positive isolation of B. anthracis collected on necrophilic flies feeding on a dead deer carcass.  

However, no work has been done to determine the infective dose for deer, nor the spore potential 

in individual flies or their feces or regurgitation. 
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Mohiyuddeen and Krishna Rao (1958) did isolate bacilli in the blood smears of cutaneous 

lesions on affected bovine during an outbreak in India.  Additionally, biting flies collected on 

anthrax positive cows tested positive for bacilli.  Other field studies have implicated biting flies 

in anthrax outbreaks, though no active sampling was completed to confirm the presence of bacilli 

in flies.  Broughton (1987) and Gates et al. (1995) both documented the association of high 

biting fly numbers and high numbers of anthrax deaths in wood bison in northern Canada.  No 

known work has been done on the interactions of biting flies and deer in the endemic zone of 

Texas (Hugh-Jones and De Vos 2002).  Additionally, no studies are available on the spatial 

relationships between biting flies and wildlife with respect to anthrax for North America.  

Likewise, no work is available on the movement patterns of wildlife with respect to anthrax in 

North America. 

Gates et al. (1995) suggest that animal behavior patterns are poorly understood with 

respect to anthrax infection and should be addressed more thoroughly.  Realistically, behavior 

studies need to be coupled with studies that focus on the infection pathways and potential 

vectors.  This is especially true in West Texas, where no work has been done to quantify the 

movement patterns of deer on ranches with well documented anthrax problems.  Long et al. 

(2005) recognized the importance of animal movement behavior in disease transmission, and 

suggested that an understanding of deer movements and dispersal were important to 

understanding disease spread within populations.   

One such mechanism for evaluating behavior space is the construction of individual 

animal home ranges.  Burt (1943) defined the home range of an animal as the “area traversed by 

an individual in its normal activities of food gathering, mating, and caring for young.”  This 

definition is still applied in modern movement studies and serves as a means of defining the 
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activity space of an individual, or if sampled across enough animals, the average activity space 

of the study population.  Wildlife telemetry has become a popular tool for determining animal 

movements and can be powerful for exploring a variety of movement-based behaviors, such as 

habitat selection, migration patterns, sexual segregation, etc (White and Garrott 1990). 

This current study follows the suggestions of Gates et al. (1995a) and Long et al. (2005) 

and presents the first home range estimates for white-tailed deer from a ranch in West Texas 

regularly impacted by anthrax.  This study was a pilot study to evaluate the usefulness of radio 

telemetry to advance the current knowledge on the importance of behavior in anthrax outbreaks.  

The goal of the study was to describe the population structure of deer on the ranch, describe the 

sex ratios of affected animals, and to collect preliminary data on the home ranges of individual 

deer of both sexes during the summer months.  The telemetry results are viewed in the context of 

anthrax carcass locations from 2001 – 2005 and the distribution of biting flies collected during 

the tracking period to evaluate movements in relation to other epidemiological components.  By 

developing an understanding of deer movement, along with known carcass and fly distributions, 

two components of the meso-scale anthrax dispersal mechanism are examined. 

 
6.2      Materials and Methods 
 

Radio telemetry experiments were conducted on a 7,406 hectare deer ranch in Del Rio, 

Val Verde County, Texas (Figure 6.3 insert) from June 30 to 22 August 2005 to determine the 

summer home range of white-tailed deer with respect to the anthrax season.  Ranch management 

staff provided deer population estimates derived from state regulated spotlight counts and 

helicopter surveys.  Total population estimates were provided from 1995 to 2005.  Additionally, 

anthrax surveys were available from 2003 – 2005.  Population numbers and carcass totals were 

plotted to illustrate the relationship between the two.  Based on the locations of disease cases 
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available, it appears the central and eastern region of the ranch are more prone to infection, while 

the northwestern and western regions appear to remain disease free.  This provided an excellent 

research opportunity to compare these regions and determine the differences across space that 

might promote the disease in one region and deter the disease in another.  Telemetry experiments 

were designed to evaluate whether or not the summer home ranges of deer were large enough to 

allow geographic overlap across the ranch, or if they were limited to smaller areas.  Smaller 

home ranges could indicate that deer on the eastern side of the ranch may be at greater risk of 

anthrax infection than those on the western half. 

Nine white-tailed deer were immobilized, radio collared, ear tagged, and released on the 

ranch between 30 June and 6 July 2005 (Figure 6.2).  Deer were anesthetized with a combination 

of 5 mg/kg Xylazine (Rompun; Bayer Health Care, Germany) and 2.45 mg/kg Telazol3 (Ft. 

Dodge Animal Health, Ft. Dodge, Iowa) using a cartridge-powered dart rifle (www.pneu-

dart.com).  Telazol was reversed with an injection of Tolazine 45 minutes post-darting after the 

xylazine had worn off.  Animals were handled at night to minimize capture stress and reduce the 

likelihood of stress-induced myopathy.  Deer were monitored for several hours prior to their 

release in the same area of original capture.  Deer were collared with 150 MHz Very High 

Frequency (VHF) radio collars with a 2 second pulse rate and mortality sensors (Advanced 

Telemetry Systems, Isanti, Minnesota).  Individual collars were programmed to different radio 

frequencies and individuals were re-located using a 16-channel handheld radio receiver and a 3-

element directional aluminum yagi.  Deer tracking experiments were conducted simultaneously 

and in tandem with a tabanid fly study (see Chapter 4).  The goal of this pilot study was to 

collect an adequate sample for calculating home range, so a target of 25 sample points was 

                                                 
3 Dosages were provided by Dr. Mike Vickers, a large animal veterinarian in South Texas.  Dr. Vickers regularly 
immobilizes Texas white-tailed deer with this drug combination. 
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collected for each deer (White and Garrott 1990, Lesage et al. 2002).  Animal re-locations were 

conducted on foot, by ATV, and by vehicle.  Efforts were made to re-locate each animal at least 

once every 24 hours.  Time of day was randomly selected for each animal to insure that spatial 

autocorrelation was avoided (Reynolds and Laundre 1990). 

Animal positions were estimated using standard triangulation techniques (White and 

Garrott 1990).  Briefly, collared animals were approached from the last known position.  Once 

the signal was re-located, a GPS position and compass bearing were recorded. The user’s 

position was changed with respect to the signal and a series of position/bearing pairs were 

collected.  A minimum of two positions are required to triangulate an animal, however, when 

possible, three or more positions were collected.  When possible, animals were observed to 

determine body condition, collar position, and to glean insight into daily behavior patterns.  

Position error was estimated by collecting GPS locations of known positions (animals were 

spotted and exact locations were recorded) after a triangulation event and comparing estimates 

versus actual positions. 

Animal triangulations and position error were analyzed using the GIS application 

Location of a Signal (LOAS v3.1.4 - www.ecostats.com/).  Triangulations were estimated using 

Maximum Likelihood estimators, when three or more bearing vectors were available for a 

position.  When only two points were available, the best biangulation routine was employed.  

Animal position estimates were coupled with actual positions obtained in instances when animals 

were startled or when animal locations could be determined with a laser range finder and a 

compass bearing and offset in ArcView 3.2 software using the Distance/Azimuth Tools 

Extension v1.6 (www.jennessent.com).  Additionally, positions were obtained from individual 
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animals from 1 – 22 August 2005 using motion-activated cameras set out by ranch management 

staff for an annual population census. 

The Minimum Convex Polygon (MCP) estimator was use to determine the home range of 

collared individuals (Mohr 1947).  The MCP defines the home range area by joining the 

outermost points in the distribution of animal positions.  While the area of this measurement is 

likely to increase with sample size, it is an estimate that can be calculated with minimal samples 

sizes.  MCP estimates were derived using Biotas v1.0.3 (www.ecostats.com), a GIS application 

specific to animal movement statistics.  Home ranges were calculated in hectares and acres.  

MCP’s were overlain on an elevation surface derived from a USGS 30 m Digital Elevation 

Model.  Likewise, MCP’s were overlain on a simple six class vegetation classification developed 

from a LandSat 7 Thematic Mapper image captured in March 2003.  A 20 class unsupervised 

classification was conducted in Erdas Imagine 8.7 (Leica Geosystems, St. Gallen, Switzerland) 

and reduced to six classes using local knowledge from ranch management staff, 5m DOQQ 

aerial photos, and GPS-based ground truthing surveys conducted in January and June 2005.   

Additionally, home range estimates were overlain on the results of a hotspot analysis for 

biting flies conducted during the same sampling period to evaluate the potential for spatial 

interaction between deer and possible anthrax vectors.  MCP’s were also mapped in relation to 

known anthrax carcass locations from 2003 – 2005. 

6.3       Results  

The deer population estimates show a steady increase from approximately 640 animals to 

approximately 1360 between 1995 and 2001 (Figure 6.1).  A large anthrax outbreak occurred in 

2001 and ranch management estimated over 100 dead animals.  Ranch management imported 

deer between the 2001 outbreak and the 2002 hunting season.  A second large outbreak occurred 
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across west Texas in June - July and again in August – October 2005.  The June – July outbreak 

was centered on the Town of Sonora, nearly 200 miles north of Del Rio.  While no large  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Deer population estimates between 1995 and 2005.  Arrows indicate periods of 
anthrax outbreaks and sporadic cases. 
 

outbreaks were reported from Val Verde County during the June/July outbreak, one positive 

anthrax case was recorded on the study ranch (see Chapter 5, this dissertation).  A large outbreak 

did occur on the Ranch late in the summer, with cases first being found in early September (first 

case found 6 September 2005) and the last case being found in mid-October.  While lab results 

are still tentative for anthrax, this outbreak coincided with laboratory confirmed cases throughout 

Val Verde County.  No large outbreaks occurred between 2001 and 2005 on the ranch; however, 

ranch managers and researchers confirmed between one and seven cases per year in the interim 

periods (Figure 6.2).  Carcass locations were recorded with GPS units and available for mapping 
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the distribution of cases for deer found between 2003 and 2005.  The distribution of carcasses 

indicates that the eastern end of the ranch was more heavily impacted between 2003 and 2005 

(Figure 6.3A).  Though the 2001 outbreak was not GPS-mapped, the 2003 – 2005 distribution 

coincides with the distribution of those cases according to the ranch staff that disposed of 

carcasses. 

 

 

 

 

 

 

 

 

 

 

 

A total of 216 positions were recorded from seven individual deer during this study.  Two  

Figure 6.2. Anthrax case numbers between 2001 and 2005 on a study ranch in west Texas. 

 

Two collared animals (both males) died during this study prior to achieving the minimum 

number of telemetry positions and were removed from this study.  Home ranges (MCP’s) were 

calculated for five does (female) and two bucks (males) during this study.  Table 6.1 summarizes 

the gender, ages, time at liberty with collars and home range sizes for each individual.  The mean 
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MCP was 72.8 hectares (179.8 acres) for all deer in this study.  The MCP’s varied between 

individuals, but there was similarity between males and females.  Deer 1 (2.5 year old buck) and 

Deer 5 (1.5 year old doe) had overlapping MCP’s throughout the study period (Figure 6.3A).  In 

general, MCP’s were similar in size across the ranch, regardless of biting fly densities (Figure 

6.3B).  Fly densities were greatest along the large dry river valley and surrounding vegetation on 

the western side of the ranch.  However, this appears to have little effect on home ranges. 

Habitats across the ranch vary with elevation (Figure 6.4A, B).  The western end of the 

ranch is dominated by higher elevations (a large ridgeline), sparsely vegetated slopes, and patchy  

 

Table 6.1. Summary of individual deer tracked during this study. 

 

 

 

 

 

canopy.  In contrast the eastern end of the ranch is a dry river valley with more continuous dense 

canopy.   

Ranch staff also supplements protein diet throughout the summer period to improve the 

health of the population.  Figure 6.5 illustrates the relationship between home ranges and protein 

feeders.  Motion cameras were used between 1 and 22 August and four of the seven deer were 

captured on film feeding at protein feeders (Figure 6.6).  Deer 8 was photographed feeding at 

two feeders in a single night. 
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Figure 6.3.  MCP’s (red lines) for seven deer tracked between 30 June and 22 August 2005. 
Insert – the location of the ranch in Texas. A – MCP’s in relation to known anthrax carcasses. 
Black dots indicate deer positions, open circles represent suspect carcass locations from 2005, 
red symbols represent confirmed cases between 2003 and 2005.deer, B – MCP’s in relation to fly 
hotspots (see Chapter 4).  
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Figure 6.4.  MCP’s (red lines) for seven deer tracked between 30 June and 22 August 2005. A – 
MCP’s in relation to habitat types. Black dots indicate deer positions, open circles represent 
suspect carcass locations from 2005, red symbols represent confirmed cases between 2003 and 
2005. (gray represents hardpan and rock, light shades of green represent grasses while darker 
greens represent increasing vegetation height and density); B – MCP’s in relation to elevation. 
(dark colors represent low-lying areas, light colors represent increases in elevation). 
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Figure 6.6.  A collared deer captured by a motion-sensitive camera.  This is a 1.5 year old female 
tracked on the western end of the ranch. 
 
6.4      Discussion 

 The evidence from this study suggests that anthrax cases are present nearly every year in 

low numbers, with large outbreaks in years with appropriate climatic conditions (Hugh-Jones 

and De Vos 2002).  This suggests that continued surveillance is necessary on an annual basis, 

and not just in response to large outbreaks. The annual infection of even a few animals means 

that new and/or recycled spores are introduced into the environment every year, increasing the 

likelihood of persistence.  The sex ratio of the carcasses surveyed in the September 2005 

outbreak were near equal (17 male:21 female, of those sampled).  This is similar to the few cases 

reported from 2003 to 2005 and matches reports from ranch management staff on the 2001 

outbreak that was not mapped. 

The summer home ranges in this study are similar to other studies across the geographic 

distribution of the species.  Lesage et al. (2000) suggests that this species generally exhibits 

strong fidelity to its home range and that deer are likely to use the same home range over several 

years.  Ranch management confirms from motion cameras that bucks are often seen in the same 
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area or using the same feeders from year to year.  Halls (1984) reported an average home range 

of 176 acres from white-tailed deer in west Texas.  The average home range in this current study 

was 179 acres.  Campbell et al. (2004) reported home ranges of 98.0 hectares for males and 79.0 

hectares for females on a study site in the central Appalachian Mountains. These home ranges 

expanded to over 200 hectares in the fall during the breeding season.  The ranch staff has 

recorded similar expansions from this current study from camera and field surveys, with some 

males being identified over 7 km from their summer time feeders.  While the specific location of 

anthrax spores is unknown on ranch, the limited home range of white-tailed deer in summer 

suggests that the source of infection occurs within a small geographic area. 

 Evidence from this study and Chapters 4 and 5 suggests that if biting fly transmission 

occurs on the ranch it is more likely in the east.  Additionally, the isolation of anthrax bacilli 

from necrophilic flies also occurred on the eastern side of the ranch.  The limited home ranges of 

this study suggest that even if inundated by flies, deer are not likely to travel to the western side 

of the ranch to seek refuge.  Likewise, these home ranges suggest that deer on the western end of 

the ranch are unlikely to interact with the western region during the summer period.   

It is likely that deer on the eastern portion of the ranch may be susceptible to spore 

interaction from necrophilic flies, supporting the case-multiplier hypothesis.  While these results 

to do not confirm that deer ingest contaminated browse, the collection of spores from flies 

suggests this. Additionally, the limited home ranges presented here suggest that deer will remain 

in close proximity to carcasses once they fall.  Figure 6.3A illustrates the location of deer 

carcasses found during the 2005 anthrax outbreak.  There is no evidence from this study that 

home ranges shifted during the outbreak.   
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Figure 6.4A and B illustrate relatively little calculated difference in home range sizes 

between the eastern and western ends of the ranch, despite habitat and drastic elevation 

differences from west to east. The western end of the ranch is higher in elevation with less dense 

vegetation.  While limited behavioral observations are available from this study, animals were as 

likely to be located up or down slope during this study period.  More work is needed to 

determine the diel movement patterns within these home ranges to determine what affect this 

may have on interaction between flies and deer.  However, the limited home ranges suggest that 

animals become infected within close proximity to daily activities and most likely die within that 

home range.  Hugh-Jones and De Vos (2002) noted that wildlife outbreaks travel in waves with 

rapid onset and a fast increase in the spatial footprint of the outbreak.  The home ranges 

presented here suggest that this is unlikely due to drastic shifts in movement patterns, especially 

given that home ranges did not change once the 2005 outbreak began.  The overlap between 

biting fly hotspots and deer home ranges in the east may provide an interesting direction for 

future research to determine what specific ecological mechanism drives this “wave-like” spatial 

pattern of outbreaks. While these results are preliminary, the lack of deer movement across the 

ranch suggests that an alternative spatial transfer mechanism, such as possible fly transmission, 

results in the relocation diffusion of anthrax outbreaks. 
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CHAPTER 7  DISCUSSION, CONCLUSIONS, FUTURE DIRECTIONS 

7.1 Discussion, Conclusions, and Future Directions 

 This dissertation encompasses a broad range of topics that together comprise several 

important components of the spatial ecology and epidemiology of anthrax disease in wildlife.  

Figure 7.1 provides an expanded version of figure 1.1 and lists in detail the relationships between 

each of the multi-scale approaches. 

At the continental scale, this project has lead to the first predicted distribution of anthrax 

in the U.S. using the GARP modeling system.  Likewise, this is the first study to report the 

GARP rule-set in detail to illustrate the application of rules and to define the environmental 

parameters that are most descriptive within the modeling system.   The GARP system has 

received criticism for lacking biologically important information and has been considered a black 

box. (e.g. Rogers 2006 in press, Stockman et al. 2006).  GARP has also been misinterpreted as a 

genetic algorithm that modified logistic regression based rules.  However, the results of this 

study directly refute these arguments by clearly showing that GARP identified a relatively 

narrow band of values from only a few important variables for anthrax.  This suggests that the 

decision process within GARP is conservative, even when an allotment of 50 potential rules per 

model is available for defining the ecological space of the target species.  The rule-set for 

anthrax also indicates that logistic regression was not a dominant rule type for describing 

anthrax.  Instead, range rules and negated range rules made up over 90% of the rules in the 10 

model best subset in Chapter 2 and the majority of rules in the Mexico projections in Chapter 3.  

This makes sense from an evolutionary ecology perspective as well. Holt and Gaines (1992) 

define the ecological niche of a species as the ecological space utilized by the mean phenotype of 

the population. It should be rare to find a species that is defined by a single value, especially 
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when modeling packages are searching both ecological and geographic space.  Space varies.  The 

heterogeneous rule-set in GARP promotes an unbiased search of this ecological space and should 

be considered advantageous.  Stockman et al. (2006) defined GARP as a black box, however, a 

detailed review of that paper clearly illustrates that the authors misused the application and 

lacked an understanding of the fundamental principles of ecological niches.  It is hoped that this 

dissertation will illustrate the rule-set and processes in GARP clearly and negate some of these 

unfounded criticisms.  Likewise, it is hoped that modelers will explore multiple possibilities in 

approaching geographic distribution studies and allow for more objective reviews of all 

techniques. 

 While this study provides the first estimates for anthrax distributions in the U.S. and 

Mexico, it is important to validate these models with field data.  Internal validation metrics are 

extremely important to the modeler, but it is also critical to validate these models against 

biological data.  With that stated, it is important to open communication between U.S. and 

Mexican scientists and public health officials and determine the true distribution of anthrax.  As 

the predicted distributions straddle the U.S./Mexico border it is important to determine if 

outbreaks in either country lead to outbreaks in the other.  Coker (2002) did report on the 

isolation of B. anthracis from samples collected across the Border from Del Rio, Texas in 2001. 

However, there are no data available on Mexico from 2002 to present.  In light of the large 

outbreak in Del Rio in 2005 and the confirmation of small numbers of background infections in 

wild deer populations, it is likely that Mexico saw a similar scenario.  

At the meso-scale, the combination of data from the positive B. anthracis in necrophilic 

flies (Chapter 5), the annual cases in wildlife (Chapter 6), and the positive spatial relationships 

between biting fly populations and anthrax cases (Chapter 4) it is confirmed that the case-
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multiplier hypothesis is active in the North American anthrax transmission cycle and that the role 

of biting flies requires more scientific attention.  Likewise, background infections, which were 

suggested to promote persistence by Hugh-Jones and De Vos (2002), have been confirmed in the 

U.S.  However, during a large outbreak in the Dakota Region (Chapter 2) in 2005, there was no 

surveillance of wildlife beyond the affected farmed animals.  The results of this study confirm 

that anthrax remains a problem in wildlife and that the disease is active in nearly all years, and 

not just in large sporadic outbreaks.  This strongly suggests that wildlife surveillance should be 

considered an essential part of anthrax surveillance in future years, especially 2006 and 2007 (in 

direct response to the large outbreaks in North America in 2005). 

Anthrax vaccination has proven useful in combating the disease in livestock (Hugh-Jones 

and De Vos 2002); however, this is not feasible in wildlife and again supports the need for 

increased wildlife surveillance for the disease.  From an economic standpoint, Mörner et al. 

(2002) provided evidence that wildlife surveillance often leads to preemptive identification of 

zoonotic outbreaks and rapid response.  Likewise, Bengis et al. (2002) argue that as wildlife 

farming and wild game hunting or eco-toursim expand, the interface between wildlife and 

livestock disease will increase.  This is evident in west Texas where deer ranching has rapidly 

increased in recent years and become a larger component of local economies than it was a short 

time ago. 

Surveillance is expensive.  Therefore, efforts such as ecological modeling and disease 

mapping should be employed to target areas most likely to promote disease survival and 

persistence. Likewise, these modeling approaches can lead to new areas of research and 

surveillance that were not previously considered (Peterson et al. 2004).  The ecological modeling 

in Chapters 2 and 3 were completed with a modeling package developed in the open source  
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software community and is available for no charge.  Likewise, there were no charges incurred for 

the environmental coverages used. This is an attractive feature and it should be clearly stated that 

these approaches are available to the research community.  This also means that costs should not 

prohibit developing nations from exploring similar techniques to identify new potential areas for 

surveillance and research where funding is even more limited. 

The results of the GARP have identified geographic areas where surveillance should be 

considered.  While the corridor between Texas and the Dakotas is well-known as an endemic 

area in the literature, the eastern expansion of this corridor into parts of Michigan, Illinois, and 

Ohio are poorly investigated.  These results suggest that new research should be initiated with 

wildlife researchers and managers in these areas to determine if the disease is present in deer and 

either under- or not reported.  Likewise, if the disease is not present in these areas, the GARP 

results suggest that the introduction of the disease may lead to long-term survivability in these 

areas.  While determining the exact reasons for commission in GARP requires attention, 

commission provides insights into potential geographic areas suitable for anthrax that have been 

neglected. 

There is also a need to determine how other environmental coverages, such as wildlife 

densities or land use, could improve model accuracy and possibly explain areas of commission 

and omission in the models.  Likewise, the most recent version of the DG application allows for 

the user to define the geographic region where GARP can derive the 1,250 psuedo-absence 

points per model run.  This has research potential for directly comparing pseudo-absence 

generation approaches in GARP and other modeling approaches.  Likewise, this may serve as a 

potential means of reducing the asymmetry in the confusion matrix. 
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The results in this dissertation present a series of spatially explicit patterns that should be 

evaluated more closely. The movements of deer are limited, yet the disease tends to spread 

rapidly over great distances, suggesting a long-distance transmission mechanism may be active. 

The spatial relationship of biting flies and anthrax cases suggests that the role of biting insect 

requires more attention. Specifically, experiments are needed to: 1) confirm the presence of 

anthrax bacilli in the biting fly populations during outbreaks, 2) define the potential spore counts 

present on biting and necrophilic flies, or how capable species are of trans-locating and 

spreading the disease, 3) determine the lethal spore dose for white-tailed deer (LD 50), or how 

many spores are required to infect and kill, and 4) confirm the specific infection pathway(s) for 

white-tailed deer.  Answering each of these questions will further our understanding of the 

disease and improve our efficiency at surveying and controlling the disease. 

GIS has proven a useful tool in epidemiology (Pfeiffer and Hugh-Jones 2002) and in this 

dissertation.  While the primary use of GIS in this dissertation was to execute advanced spatial 

techniques, GIS is also a powerful databasing tool.  Database packages such as Oracle are 

continually increasing the ability to manage spatial data. Likewise, products like Google Earth 

(www.earth.google.com) are increasing the availability of user-friendly GIS packages.  

Surveillance work should take advantage of these tools.  For example, the predicted surfaces 

from this study could be pushed out to Google Earth or another web-based mapping server to 

allow public health and veterinary officers across the U.S. and Mexico to review the predictions 

without the need for expensive software (Google Earth is free) or extensive training.   

This dissertation has presented as many questions on the geography of anthrax, the role 

of flies in transmission, and the role of behavior in deer infection as it has attempted to answer.  

However, this dissertation has provided evidence that these leads are worth pursing and that the 
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spatial relationships between anthrax cases and possible vectors are more than speculative and 

should be researched further.  These further studies must be inter-disciplinary in nature, should 

include spatial analyses, and should include mechanisms for surveillance.  For example, if fly 

spore carrying potential were available, coupled with the fly bite rates on deer, and a lethal dose 

for deer known, a spatially-explicit Individual Base Model (IBM) could be developed to model 

the daily movement potential of deer versus fly bites to simulate infection pathways.  Likewise, 

other modeling systems, such as MaxEnt or discriminant function, could be improved by 

masking agricultural areas, including fly collection data, and cases from other countries. 
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