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ABSTRACT

The frequency of deer-vehicle crashes (DVCs) is related to a wide range of factors.   Most of these factors are direct and/or surrogate measures of vehicular travel and animal habitat/movement characteristics.  In the past, correlations between the data that describe these factors and reported DVCs have been investigated and models developed.  The approaches followed for countywide models, however, have largely ignored the accepted characteristics of crash data, and/or calculated questionable output measures.  This research developed a countywide DVC frequency model using a negative binomial regression approach.  Data describing land use/cover, deer and human populations, and roadway/travel characteristics, along with other environmental factors were collected.  The DVC frequency model developed shows an increase in DVCs with deer population and vehicle travel, and a decrease with increased estimates of wolf population and woodland acreage.  Deer population and vehicle travel approximate DVC exposure measures, but wolf population and woodland acreage were also significant and added strength to the model. The modeling approach used is more valid for crash data than those used in the past, and the model developed predicts a generally accepted measure of safety.  It can be used to identify counties that require a closer consideration for DVC countermeasures, and to compare consistently defined DVC magnitudes of different counties for safety management purposes.  It is recommended that the database used in this research be expanded, and that a similar statistical analysis be considered for roadway segments. 

INTRODUCTION

Deer-vehicle crashes (DVCs) occur throughout much of the United States and Canada.  In fact, it has been estimated that there are more than one million DVCs each year in the United States, and that the cost of these crashes is more than a billion dollars (1).  In Wisconsin more than 15 percent of all the reported crashes each year are DVCs.  In addition, based on roadside carcass records in Wisconsin, only about half of all DVCs appear to be officially reported.   

The ability to predict problem locations for DVCs and quantitatively understand those factors that impact their occurrence is a key need.  This capability would allow more effective and financially efficient implementation of potential DVC countermeasures.  A few county-level and roadway segment DVC prediction models have been developed in the past, but the approach used in their creation has sometimes limited their value and usefulness.  The model developed in this research overcomes some of these weaknesses by applying a more generally accepted analysis approach for safety data, limiting and documenting the confounding impacts of potentially interrelated input factors, and choosing a more acceptable measure of safety (i.e., crash frequency) for the model output.  The objective was to develop a statistically valid and useful countywide DVC frequency model.
PAST MODELS:  DVC PREDICTION

In the past 30 years the potential relationships between a wide range of factors and DVCs have been investigated and quantified (2 - 7).  Typical multiple regression approaches have normally been used to develop countywide and “high” DVC location models. 

Countywide DVC Models
Illinois
Finder studied the number of state highway DVCs reported from 1987 to 1994 within each Illinois county (2).  A multiple linear regression approach was used to develop a model to predict county DVC density (DVCs per land area).  The model proposed indicated that countywide DVC density increased with both human and deer densities, and the amount of privately-owned timberland.  The predicted DVC density decreased with increases in the percentage of woodlands and farmland.  Finder speculated that the percentage of woodland acreage in a county might be correlated in some form with roadway mileage, human density, and the amount of farmland.  For example, as the amount of woodland increases in a county, the amount of roadway mileage, human density, and farmland appeared to decrease.  Several of these variables are included in the DVC density model proposed by Finder (2). 

Ohio

Iverson and Iverson analyzed the number of reported DVCs within 88 counties from 1995, and investigated the relationships between these data and several variables.  The model developed to predict the annual number of DVCs in a county was based on multiple linear regression and included the total length of roadway, and the total amount of land area, urban land area, and cropland in the county (3).  The predicted frequency of annual DVCs increased with all these variables except cropland.  A DVC density (i.e., DVCs per 100 hectare) multiple linear regression model was also developed, and included measures of cropland, forestland, and urbanized land as input factors.  This model indicated that DVC density decreased with an increase in the amount of cropland and forestland in a county, but increased with the amount of urbanized land (3).  Relatively strong interrelationships between the variables within these Ohio models, which could simply represent pieces of the whole county land area, may exist.

“High” DVC Location Models
Illinois

Finder considered the percentage of woodland, forage (i.e., crops, fields, and orchards), developed land, and water within a 1/2-mile of 0.8-mile roadway segments that had more than 15 reported DVCs between 1989 and 1993 (2).  Characteristics related to right-of-way and roadside topography, roadway segment curvature, general buffer area topography (the difference between the highest and lowest contours), number of adjacent fields, the deer travel corridor width (i.e., the typical width of corridor that deer use to travel within their home range) across the roadway, and the distance to the nearest forest cover and parks also were investigated.  Data from 81 “high” DVC locations and 81 control sites within 43 counties were used with a typical multiple regression approach to develop two models.  The first model included all the input variables found to be significantly different between the “high” DVC and control sites.  The model showed that the probability a roadway segment would be a “high” DVC site decreased as its distance from woodlands increased.  However, this probability increased with the percentage of adjacent gully, nearby recreational areas, and the width of the deer travel corridor across the roadway.  Only landscape variables were incorporated into the second model, and it showed that higher values of Simpson’s diversity index (a measure of land cover richness (the number of different landscape patches) and uniformity), and a woodlands mean proximity index (a measure of woodlands patch size and density) increased the probability of a roadway segment being a “high” DVC site (2). 

Iowa
Hubbard, et al. also studied the relationships between several roadway and roadside factors and the probability a roadway segment could be a “high” DVC location (4).  They considered the characteristics of 1,284 locations randomly selected within Iowa, and defined any one mile roadway segment with greater than 14 reported DVCs between 1990 and 1997 as a “high” DVC site (4).  Hubbard, et al. evaluated data that described land cover, daily traffic volume, the distance to the nearest town and nearest city (with a population greater than 2,000), the number of bridges along the segment, and the number of roadway lanes (4).  The proposed model showed an increase in the probability of a “high” DVC site occurring increased with the number of bridges and roadway lanes, and also the size of nearby grass and woodland patches.  The probability of a roadway segment being a “high” DVC site, however, appeared to decrease as the variation in nearby patch sizes and the size of crop fields increased (4). 

Pennsylvania
Bashore, et al. considered the environmental and traffic flow characteristics of “high” DVC locations along two-lane highways in Pennsylvania between July 1979 and October 1980 (5).  Roadway segments that were 825 feet long were considered “high” DVC locations if they had four or more DVCs reported in the year preceding the study and at least two reported DVCs per year in 5 of the 10 years preceding the study (5).  Some of the roadway and habitat  (within 328 feet of the roadway) variables considered for this model included: number of residential and commercial buildings; terrain type and slope; type and percent area of wooded land cover; distance to woodlands greater than 0.25 square miles in area; sight distance along the roadway and in-line visibility (i.e., the distance at which an observer 3.28 feet from roadway centerline can no longer see a 6.56 feet high board on the roadway edge); posted speed limit; fencing within the buffer area; and guardrail length (5).

Data from 51 “high” DVC and 51 control sites were used to develop and test the model (5).  The predicted probability of a “high” DVC location decreased with increases in the number of homes, commercial, and other buildings within the buffer area, the distance to woodlands, proportion of fencing, posted or mean speed limit, and longer sight distance along the roadway (5).  The model indicated an increase in the “high” DVC probability with increases in the ability to see a roadside object (i.e., in-line visibility) and non-wooded herbs in the buffer zone (5).  The researchers speculated that the negative relationship between posted speed limit and the probability of a “high” DVC location might be because fewer deer cross a roadway when vehicles move at higher speeds (5).  This conclusion is questionable, and the model output may be the result of limited data and/or the potentially strong multicolinearity between the “independent” variables.   

Kansas
Researchers at the University of Kansas recently completed work that identified factors that appear to be correlated with the DVC experience along a roadway segment (6).  They developed a regression model to predict DVCs per year per mile of roadway that combined some of the 45 roadway, roadside, and deer population factors (e.g., land use type, deer hunting harvest density, sideslope, traffic volume, posted speed, etc.) they considered into group input factors.  This approach was followed to combat the multicolinearity found between the initially defined individual factors.  They found that the variable most strongly correlated with DVCs per year per mile was the existence of wooded land adjacent to the roadway.  This DVC measure was also positively correlated to the number of roadway lanes, traffic volume, posted speed, number of bridges and/or visible culverts, the presence of a deer warning sign, and traditional right-of-way fencing.  Factors negatively correlated with DVCs per year per mile included clear width (i.e., distance to an obstruction at least 3 feet wide and 2.5 feet high), roadside sideslope, and roadside topography (6).

Minnesota
Another investigation of the factors related to DVCs was also recently documented, but focused on landscape factors within an urban environment (7).  Clayton, et al. evaluated and quantified the relationships between 66 landscape variables and the DVCs in Bloomington and Maple Grove, Minnesota (7).  Eighty 0.62-mile roadway segments with two or more reported deer carcass permits (versus reported DVCs) were identified along with 80 randomly selected control segments with one or fewer reported roadside deer carcass removal permits (19).  Their reasons for selecting these DVC magnitudes to differentiate the two groups were not clear.  It was found that the DVC segments contained fewer buildings and more patches of public land (7).  It was suggested that this type of information could help wildlife biologists and urban planners manage white-tailed deer habitat within urban areas (7).  The researchers did acknowledge that there was a relationship between public land patches and the number of buildings and human presence (7).

Past DVC Prediction Model Summary

In general, all of the models developed in the past appear to suffer from one or more characteristics that limit their usefulness.  First, the countywide models were developed using a multiple linear regression approach that does not recognize the typical characteristics of crash data. The roadway segment models typically followed some type of logistic regression approach.  Second, some of the models appear to include input variables that could be strongly interrelated, and these could confound what can be concluded about individual variable impacts on the output predicted. Totally independent variables in DVC models may not be completely possible, but the potential impact of any multicolinearity on the results of any statistical tests needs to be considered. Third, two of the three countywide models developed in the past predict a safety measure that has little value in the transportation safety profession (i.e., crashes per land areas).  The countywide model developed in this research overcomes many of these weaknesses.

PROPOSED MODEL:  DATA COLLECTED AND ESTIMATED 
The database used to develop the countywide DVC frequency model contained 19 pieces of data collected or estimated for 59 Wisconsin counties.  These variables and their descriptive statistics (i.e., minimum, maximum, and average) are shown in Table 1, and are defined in the following paragraphs.  The data describe countywide land use/cover, human population and location, roadway/travel characteristics, and various relevant environmental/ecological factors.  The information was collected or estimated for the year 1997.  This was the most recent year data was available in some cases, and it was also assumed that many of the input variables would not change dramatically from year to year.  Therefore, looking at multiple years would not improve the results.  Actual crash data from 1997 was also used, rather than an average (from three years for example), because the use of an average introduces its variance into the approach.  It is better to use actual data rather than calculated averages with the approach that was applied.  The dependent variable for the model developed was the countywide DVC frequency.

Land Use/Cover:  Farmland, Private Timberland, Woodland, and Recreational Land

The magnitude and percentage of four land use/cover types were collected for each county.  The Department of Commerce defines farmland as “…land used for crops, pasture, or grazing, also including woodland and wasteland not actually under cultivation, or used for pasture or grazing, provided it was part of the farm operator's total operation (8)”.   These data were obtained for Wisconsin counties from the 1997 Census of Agriculture (9).  The amount of farmland in each county ranged from 1.4 to 83.5 percent, and averaged about 50 percent.  The square mileage magnitude of these measures is shown in Table 1.

In 1985, the USDA defined private timberland as “…[f]orest land producing or capable of producing crops of industrial woodland and not withdrawn from timber utilization...and areas capable of producing more than 20 cubic feet per acre per year of annual growth when managed (10)”.  Timberland in this data can be owned by the forest industry, farmers/ranchers, private corporations, private individuals, and tribal trusts (10).  Similarly defined 1997 private timberland information for Wisconsin counties were obtained from the linear extrapolation of the 1983 and 1996 data that were available (11).  Private timberland ranged from approximately 5.5 to 57 percent of the land in the counties considered, and the average was 27.2 percent.  See Table 1 for the statistics describing the square mileage these percentages represent.

The amount of woodland and recreational area in each county was also estimated.  The woodland data (which includes the privately-owned acreage described previously) was acquired from the USDA land cover classification database (11).  Forestland and agricultural woodland land uses were combined to estimate total county woodland area (9, 11).  The percentage of woodlands in the counties varied from 10.6 to 87.5 percent and averaged about 45 percent.  The amount of recreational area in each Wisconsin county was obtained from the Wisconsin Department of Administration, and this type of land varied from about 1.0 to 48.9 percent of the counties considered, and averaged about 11 percent (12).  See Table 1 for the square mileage represented by these percentages. 

Human Population/Density and Location Measures

Human population and densities for each of the 59 counties were also collected and/or calculated.  Total human population for 1997 was collected from the United State Census Bureau (13).  Populations were also estimated by location for four land use categories:  urban, outside urban, rural farm, and rural non-farm (14).  These land use areas are defined in Table 2.  These area populations were estimated by the interpolation of 1990 and 2000 United States Census Bureau data, and are shown in Table 1 (14, 15).  Overall, the total county human density ranged from about 10 to 627 people per square mile, and the average density for 1997 was approximately 115 people per square mile.  The average urban, outside urban, rural farm, and rural non-farm densities were 56.8, 19.5, 3.4, and 34.5 people per square mile, respectively.

Roadway/Travel Measures:  Mileage, Daily VMT, and AADT

The total and state roadway mileage in each county during 1997 was also collected (See Table 1).  It was initially thought that this might be a possible measure of traffic flow in the county.  The total amount of roadway mileage in the 59 counties ranged from 698 to 3793 miles, and the state highway mileage ranged from 70 to 401 miles.  In addition, the estimated daily vehicle-miles of travel  (VMT) for each county were acquired for 1997 from the Wisconsin Department of Transportation. The all roadway daily VMT estimates ranged from 443,100 to 10,741,300, and countywide state highway daily VMT estimates ranged from 256,100 to 6,548,800.  The annual average daily traffic (AADT) for each county (all roadways and state highways) was also calculated (See Table 1). This measure ranged from 282 to 3,663 vehicles per day for all roadways, and from 1,966 to 21,786 along the state highways.   

Environmental/Ecological Measures: Deer Population, Wolf Population, and Snow Depth 

County deer populations and densities were also estimated.  This data was considered to be the most direct, although not complete, measure available that was related to deer roadway crossing or movement and DVC exposure.  In Wisconsin, 1997 post-hunt deer population density estimates by deer management unit (DMU) (a deer habitat area based on ecology and physical-barriers) and county deer hunt harvest were obtained from the Wisconsin Department of Natural Resources (WisDNR) (16, 17).  Post-hunt deer densities were assigned to each county within a DMU by the land area it contained, and a uniform deer distribution was assumed throughout the DMU.  Pre-hunt deer populations and densities in each Wisconsin county were then estimated by summing the estimated post-hunt deer populations and the county deer harvest numbers.  An additional 15 percent was also added to each estimate because this is considered the typical amount needed to account for non-registered harvesting and deer that are wounded and die, but are not registered.  Estimated deer densities ranged from about 6.2 to 45.5 deer per square mile.  The average estimated deer density in the 59 Wisconsin counties considered was about 21.3 deer per square mile.  These densities correspond to the population magnitudes shown in Table 1.


Two other environmental/ecological measures, wolf population and snow depth, were also estimated for each county.  It was speculated that both of these factors could increase the strength of a model by further defining the exposure of deer to DVCs in a county.  The consideration of these variables in a DVC model is unique to this study.   The timber wolf shares the same range as white-tailed deer in northern Wisconsin, is a major deer predator, and can produce more than typical deer movement.  It has been estimated that one wolf may kill as many as 15 adult deer per year (18).  The presence of the wolf could influence deer population and/or movement, and subsequently impact the number of DVCs.   The estimated county timber wolf populations in Wisconsin counties between October 1996 and March 1997, however, ranged only from 0 to 33 (19).  Forty-six of the 59 Wisconsin counties considered in this research had no estimated wolf population. However, previous research has not taken into account the effects of wolves on DVCs and this variable was retained in the model to study its effects on DVCs. 


The average monthly maximum snow depth for 1997 was also estimated for each county.  This factor can also impact deer population/movement and vehicle movement, and may influence the number DVCs that occur (i.e., deer may seek shelter and vehicular traffic may significantly decrease during heavy snow thus reducing DVCs).  Monthly maximum snow depths were obtained from one or more National Climatic Data Center locations in each Wisconsin county, and the average for the twelve-month year calculated. (20).  The calculated snow depths ranged from 0.67 to 11.08 inches, and the average was about 4.4 inches (See Table 1).  

PROPROSED DVC Model development

Reported county DVCs consist of count data; the discrete and non-negative nature of these data renders the use of ordinary linear regression questionable since it can predict non-discrete and negative DVCs. Appropriate modeling techniques include the use of lognormal and loglinear regression models. The choice between lognormal and loglinear models is usually dependent on the distribution of data. The authors fitted various distributions to countywide DVC frequency and conducted chi-square (χ2) tests to assess the appropriateness of those distributions.  The chi-square test divided the range of the countywide DVC frequency into non-overlapping intervals and compared the number of observations in each class to the number expected based on the fitted distribution. Results of the chi-square tests indicated that the hypothesis that countywide DVC frequency came from a negative binomial distribution could not be rejected with 90 percent or higher confidence while the hypothesis that DVC frequency came from a lognormal distribution could be rejected with 90 percent confidence.  As such, the authors estimated a negative binomial model for countywide DVC frequency. The negative binomial model arises from the Poisson model; according to Greene (21), for a discrete random variable Y, such as DVCs in a county, with observed frequencies yi = 0, 1, 2… N, the probability that the observed frequencies are the true frequencies is:
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(' = estimated vector of parameters;

X i = vector of county characteristics for countywide DVC i;

In this model, (i is both the mean and variance of the observed DVC frequency (yi).  Thus, the Poisson model requires that both the mean and variance of the DVC frequency be equal. The negative binomial model is appropriate for modeling count data when the mean and variance of the count data differ significantly. This model can be obtained from the Poisson model by specifying an error term, (, where exp(() has a gamma distribution with a mean of one and a variance of (2.  The resulting probability distribution is: 
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where all variables are as previously defined. Integrating ( out of this expression produces the unconditional distribution of yi. The formulation of this distribution is:
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where prob[Y = yi] = probability of the ith crash occurring in a specified county, and
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Compared with the Poisson model, the negative binomial model has an additional parameter, (, that gives the over-dispersion in data.  Both models can be estimated by the standard maximum likelihood methods. The statistical significance of the estimated ( parameter in the negative binomial model is a confirmation of overly dispersed data. 

Measures of “goodness-of-fit” for count data models are discussed in detail by Greene (21). In this study, the authors considered an informal goodness-of-fit statistic that measures the fraction of a restricted log-likelihood explained by the model:

(2 = 1 – [L(()/L(0)]

                                                        (5)

where L(() is the log-likelihood at convergence and L(0) is the restricted log-likelihood.


The estimated model coefficients in this type of model do not directly provide the effects of a unit change in the independent variables on the dependent variable.  Marginal values must be utilized to quantify the effects on DVCs brought about by unit changes in the values of the independent variables.  Specifically, the marginal value for a particular independent variable provides the impact on DVCs of a unit change in the value of that independent variable from its mean, when all other independent variables are held constant at their means. 


The model specification in this study included countywide DVC frequency (i.e., the number of reported DVCs in the selected counties during 1997) as the dependent variable. The independent variables tested in the model development were previously discussed and include estimates of annual vehicle-miles traveled, deer population, wolf population, land use/cover, average maximum monthly snow depth, and several measures of categorized county human population (See Table 1).  There was an expectation that DVCs would tend to increase with increased deer population and vehicles-miles of travel.  Both are DVC exposure measures.  The impact of land use/cover, wolf population, and snow depth on countywide DVCs are somewhat more difficult to hypothesize apriori.  Their relationships with the occurrence of a DVC are more complex, related to deer behavior, location, and movement, and they may either be better predictors of DVCs than the deer population measure and/or simply incrementally add to the strength of the model as relatively independent variables or surrogates of activities for which the researchers have no direct measure.  The authors expected that more of certain types of land use/cover, woodlands for example, might provide shelter/forage to deer, and counties with higher wooded square mileage could experience fewer DVCs.  However, a greater population of wolves may decrease deer population, but also increase deer movement. More average snow depth was expected to decrease deer movement and subsequently reduce DVCs.


PROPOSED MODEL RESULTS

Table 3 presents the results of the negative binomial model with countywide DVC frequency as the dependent variable. Based on the Chi-squared statistic, the overall model is significant at a 95 percent confidence level. The rho-squared ((2) term for the model, the goodness of-fit measure used in this study, indicates a good model fit.  The α (over-dispersion) parameter in the model is statistically significant at a 95 percent confidence level, indicating the appropriateness of the negative binomial model compared to the Poisson model.  A positive estimated coefficient for an independent variable in the model implies greater DVCs with increasing values of the independent variable while a negative estimated coefficient indicates fewer DVCs with increasing values of an independent variable. Variables were added to the model using typical model building techniques, and highly correlated variables avoided for use in the model.  Some correlation amongst the observational data related to DVCs is also unavoidable, however, as a general rule if the t-statistics (See Table 3) in a model are greater then 2.0 researchers have tended to ignore the potential impact of these interrelationships.  The t-statistics for the coefficients in the proposed model are above 2.0 (See Table 3). 

The model indicates a positive estimated coefficient for county deer population, which is statistically significant at a 95 percent confidence level (See Table 3).  This result indicates that higher deer population tends to increase DVCs, as expected by the authors. The estimated coefficient for county vehicle-miles traveled is also positive and statistically significant at the 95 percent confidence level, indicating that higher vehicle-miles of travel are associated with higher DVCs (See Table 3). This again was in accord with the authors’ expectations. 

The effect of county wolf population on DVCs was explored by including it as an independent variable in the model. The estimated coefficient for this variable was negative and statistically significant at the 95 percent confidence level (See Table 3). This suggests that the impacts of a larger wolf population tend to reduce DVCs in a county. The estimated marginal value for county wolf population is -7.804, which indicates a fairly large impact of wolves on DVCs (i.e., for each additional wolf in a county, a reduction of about 7.8 DVCs is expected). The potential impacts of a wolf population on DVCs could be related to its incremental and possibly conflicting impacts it has on deer population and/or deer movement.  In this case, the model results appear to indicate the reduction in deer population due to wolf has a greater impact on the level of DVCs than the additional deer movement that may be caused by their presence.  Or, it could be the result of the limited nature of the data used in this study.  The inclusion of the wolf population variable increased the fit of the model, but further investigation is recommended and the model results should be used cautiously if applied to determine the individual impact of this variable.

The county wooded area (in square miles) was also included in the model to study its effect on DVCs. The estimated coefficient of the variable in the model is negative and statistically significant at a 95 percent confidence level (See Table 3).  Thus, greater wooded area in a county is predicted to result in a smaller number of DVCs.  This result is possibly due to the shelter and food provided by this type of land cover and the subsequent impact this has on deer population and/or movement. The inclusion of this variable also increased the fit of the model, but further investigation is also recommended. 

The authors explored the effects of snow depth and several measures of human population on county-level DVCs, along with several logarithmic transformations and interactions of the available variables, but did not find any that exhibited a statistically significant influence. These variables were not included in the final model because their benefit did not outweigh what would be necessary for their use. 

CONCLUSIONS AND RECOMMENDATIONS

The primary objective of this research was to develop a statistically valid and useful countywide DVC frequency model.  A countywide model was developed initially because that was the level of specificity for which much of the data were available, and also because of the limited nature/validity of similar models developed in the past.  The model developed in this research can be used to accomplish several tasks, and is considered a first step toward the potential development of a similar and refined roadway segment DVC prediction model.

Conclusions

The conclusions below are the result of the literature review, data collection and estimation, and model development activities completed during this research.

· A number of studies in the past have discussed the positive and negative relationships that appear to exist between data describing DVCs and factors related to deer population and activities; human population and activities; traffic flow; roadway infrastructure; and land use/cover such as woodlands, farmlands, timberland, urban/ rural land, and cropland.  The complexity of these relationships is clear.  For this research, data was collected for 59 Wisconsin counties that described 19 potential DVC factors related to land use/cover, human and deer populations, roadway and travel characteristics, and other environmental/ecological activities. 

· Previous research in Illinois and Ohio has developed models to predict countywide DVC densities (i.e., DVCs per land area).  Each of these models was based on different types of data.  Variables in the models that were positively related to county DVCs included human population, deer population, and acres of private timberland, and urban land.  Those variables negatively related DVC density included acres of farmland, woodland, and cropland.

· Studies in Illinois, Iowa, Pennsylvania, Kansas, and Minnesota also developed prediction models to assist in the identification of “high” DVC locations.  Each of these models defined a “high” DVC location in a different manner.    The models developed generally concluded that the probability or likelihood of a DVC at a location increased with, among other factors, deer travel corridor width crossing a roadway, amount of grasslands, and woodlands within the buffer area of the roadway segment, number of bridges on the segment, number of roadway lanes and decreased with distance to woodlands, amount of fencing within the buffer area, and the number of adjacent residential and commercial buildings.  In Minnesota, however, the focus was urban area landscaping/cover and the model was developed with roadside carcass permit numbers rather than officially reported DVCs.  The results of this study were somewhat different than the others. 

· The validity, transferability, and usefulness of past models, however, are somewhat limited.  First, a typical regression approach was normally followed to develop most of the models, and the assumptions of this approach do not match generally accepted characteristics of safety data.  Second, two of three countywide DVC models developed in the past had DVC density (i.e., DVCs per land area) as a dependent variable, and this measure has almost no use and is not generally accepted in the transportation profession.  The third model appeared to suffer from some multicolinearity.

· A negative binominal model was developed to predict countywide DVC frequency.  The variables included in the model were deer population and annual VMT (both measures of DVC exposure), wolf population, and the woodland area in the county.   Not surprisingly, an increase in deer population and vehicle travel increased the predicted DVC frequency, but an increase in the timber wolf population decreased it.  As woodlands increased the predicted number of DVCs also decreased.  It was speculated that the deer population and vehicle travel factors approximated DVC exposure measures, and that the inclusion of wolf population and woodland acreage incrementally improved the strength of the model fit by better describing the deer behavior, location, and/or movement not captured by their exposure approximations.  The result may also be solely the outcome of using just the 1997 database to develop the model.  Additional evaluation and quantification of potential input factor interrelationships, and the expansion of the database, is recommended below.  Average monthly maximum snow depth and the other human population measures were considered in the evaluation, including a number of interactions and transformations, but were determined not to be significant.

Recommendations

The following recommendations are the result of the activities completed as part of this research project.

· There are a number of uses for the countywide DVC model developed in this research project.  The results of the model can be compared to a DVC frequency designated as “acceptable”, and then used to identify DVC counties of concern.  The “high” DVC segment locations within these counties can then be identified (see the other recommendations) and the focus of potential DVC countermeasures.  [In addition, similar to other property-damage-only crashes, the underreporting of DVCs can be highly variable, and the results of this model may actually represent a more realistic estimation of potential DVCs in some areas.]  The model allows the comparison of a consistently defined prediction of DVCs from county to county, and this enhances the ability of a professional to compare the significance of the DVC problem from location to location.  This information can also be used to more appropriately focus DVC reduction activities and funding for countermeasure implementation.  Finally, the model can also be used to partially evaluate the impact on the predicted DVC frequency due to a change in the input variables.  The results of this evaluation may have value to those involved with deer herd and/or wolf population management.  The impacts of increasing or reducing woodland acreage and vehicle-miles traveled (due to development) may also be estimated.  

· The model developed in this research was based on one year of land use/cover, human population, roadway/travel, and ecological/environmental data for 59 counties in Wisconsin.  Much of the data considered was only available on a countywide basis for the year evaluated.  It is recommended that more data be collected or estimated for additional counties, in other states, and for a longer period of time.  This additional data could be used to strengthen the predictive value of a countywide DVC frequency model developed.  The model should also be checked and calibrated for the factors that may influence DVCs within each individual state.

· A countywide (or roadway segment) DVC frequency model might also be more accurate and valid if locational data for roadside carcass removals were used rather than reported DVCs.  It is generally accepted that only about 50 percent of the DVCs that occur are actually reported.  The locational patterns of roadside carcasses and reported DVCs data should be compared and a separate roadside carcass removal model developed when possible.  Unfortunately, few jurisdictions currently collect this data in any meaningful manner.  A pilot study that focuses on the collection and comparison of roadside carcass removal and reported DVC locations, and the modeling of these data is recommended.

· A large number of land use/cover, human population, roadway/travel, and environmental/ecological factors were considered in this research.  Based on the results of this project and past research, more investigation into the quantification of the potential interrelationships between these factors is recommended.  For example, the quantification of the potential relationship between deer and wolf populations in an area, and how that impacts DVCs, would be of interest.  In addition, there are still other factors that could be potentially considered as input variables in the development of a DVC frequency model.  It is recommended that the relationship between the number of DVCs in a county (or along a roadway segment) and factors such as the miles of roadway with deer fencing, the length of fencing in a county, miles of bridges, waterway length, the proportion of male and female deer, number of registered vehicles in a county, and land covered by vegetation consumed by deer be more properly considered in future research.  

· An approach similar to the one used in this research (and refined and improved as necessary) is recommended for the future development of a roadway segment DVC frequency prediction model.  The analysis and modeling of similar data along and adjacent to roadway segments is suggested.  Methodologies are currently available that can address the characteristics of safety data and/or the potential impacts of factors for which data cannot be collected but are thought to impact roadway safety.  It is recommended that the countywide model developed in research be considered the first step toward the better identification of “high” roadway segment DVC locations.  The identification of these segments is essential for the effective application and monitoring of DVC countermeasures. 
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Table 1  Deer-Vehicle Crash Model Data Statistics

	Countywide Variable
	Minimum
	Maximum
	Average

	County Area (Square Miles)
	231.95
	1544.96
	763.04

	Land Use/Cover Measures (Square Miles)
	
	
	

	Farmland
	11.85
	937.33
	357.4

	Private Timberland
	22.88
	599.29
	226.36

	Woodland
	37.09
	1292.19
	384.74

	Recreational Land
	5.74
	722.41
	104.7

	Human Population and Location Measures
	
	
	

	Total
	13,803
	418,174
	68,163

	Urban
	0
	303,597
	30,276

	Outside Urban
	0
	53,340
	11,976

	Rural Farm
	81
	6,517
	2,396

	Rural Non-Farm
	8,242
	62,507
	22,800

	Roadway/Travel Measures
	
	
	

	State Highway Mileage
	70
	401
	172.49

	All Roadway Mileage
	698
	3,753
	1,591.76

	State Highway DVMT
	256,100
	6,548,800
	123,0410

	All Roadway DVMT
	443,100
	10,741,300
	2,010,824

	State Highway ADT
	1,966
	21,786
	6,718

	All Roadway ADT
	282
	3,663
	1,211

	Environmental/Ecological Measures
	
	
	

	Estimated Deer Population
	1,984
	39,504
	16,990

	Estimated Wolf Population
	0
	33
	2.24

	Average Monthly Maximum                  Snow Depth (inches)
	0.67
	11.08
	4.39


1DVMT  = Daily Vehicle Miles of Travel

2ADT = Average Daily Traffic
TABLE 2  United States Census Bureau Land Use Definitions (20)

	Land Use Area
	Definition

	Urban
	All territory in urbanized area1; and cities, villages, boroughs, and census areas having 2,500 or more persons (excluding the rural portions of extended cities) in outside urbanized areas.



	Outside Urban


	Densely settled bordering areas surrounding the central urban areas.  In addition, areas with an estimated minimum population density of 1,000 persons per square mile.  The land in this category also includes areas within one and a half miles from the central core urban area of the bordering territory or areas connected to that core area by a roadway, or land within five miles of an urban core area and separated by water or other undeveloped land.  



	Rural Farm 
	Non urban or outside urban areas which produce $1,000 or more of agricultural products.2 


	Rural Non-farm 


	Non urban or outside urban areas that are not classified as a rural farm.2



1An urbanized area consists of a central region and densely settled surrounding territories that have a   

  minimum of a 50,000 person population.

2Rural areas are those that were not classified as urban or outside urban areas (as defined above).  

TABLE 3  Negative Binomial Model for Annual Countywide DVCs

(Dependant Variable: Countywide DVC Frequency)
	Explanatory Variable
	Estimated Coefficient
	T-Statistic
	Estimated Marginal Value
	Mean of Independent Variable

	
	
	
	
	

	County deer population 
	 0.664*10-4
	 6.480
	 0.019
	 16,990.810

	County daily vehicle-miles traveled
	 0.154*10-6
	 5.247
	 0.452*10-4
	 2,010,823.70

	County wolf population
	-0.026
	-2.521
	-7.804
	 2.237

	County wooded area (sq. miles)
	-0.002
	-5.905
	-0.698
	 384.735

	Dispersion parameter, α
	 0.128
	 4.313
	 -
	 -

	Constant
	 5.040
	38.458
	1,479.751
	 -


Model Summary Statistics

Number of observations 

=  59.0

Log likelihood function [L(()]
= -385.48

Restricted Log likelihood [L(0)]
= -2006.41

Chi-squared (χ2)


=  3241.86
Degrees of freedom


=  4.0

(2 = 1- L(()/L(0) 


=  0.88
















































PAGE  

_993284731.unknown

_993379658.unknown

_1023265781.unknown

_993201407.unknown

_993116742.unknown

