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This experiment attempts to model the effect of introducing hunter harvesting to a small population of black bears.  Bear hunting has sparked controversy across the country for both its ethical and biological impact.  Ethics aside, this study looks at the potential effect of a 2006 proposal to open the Great Dismal Swamp National Wildlife Refuge to limited black bear hunting.  It uses a discrete population model to determine if the population will be able to support the loss of a fixed number of bears to hunting each year over the long term.
Introduction
The Great Dismal Swamp National Wildlife Refuge consists of approximately 115,000 acres of protected swampland on the Virginia-North Carolina Border.  The refuge itself remains largely undeveloped.  However, portions of the refuge lie within the cities of Suffolk and Chesapeake, Virginia, areas of increasing suburban sprawl.  Preserving the refuge is important because the refuge is the largest intact remnant of the Virginia-North Carolina coastal ecosystem, and is the largest national wildlife in the Northeast region.  The U.S. Fish and Wildlife Service estimates that the refuge is home to approximately 300 black bears (USFWS).   Though the refuge is open to deer hunting in season, prior to 2006 it has not been open to bear hunting, and bear hunting in eastern Virginia has been limited to private land surrounding the refuge.  In 2006, the Virginia Department of Game and Inland Fisheries opened the refuge to a limited bear hunt to be held on December 1st and 2nd.  A lottery would be held for licensed hunters, giving away the right to harvest a total of 20 bears.  The VDGIF points to increasing bear harvests in the area surrounding the GDSNWR as well as increasing nuisance complaints in southeastern Virginia as evidence of a growing bear population (VDGIF).  This growing population coupled with hunter dissatisfaction with bear hunting opportunities in the state formed the basis of the decision to open the refuge to the limited hunt, as well as the opportunity to generate additional revenue from the lottery.  Prior to the hunt, several environmental and animal rights groups protested the decision.  In addition to complaints that bear hunting is wrong in general, the groups argued that hunting this particular population, given its size and fragility due to its proximity to urban areas, would permanently damage it, and hurt the bear population’s ability to survive.  The VDGIF counters that the effect on the bear population will be negligible (Applegate).

Black bear (Ursus americanus) population is typically difficult to study because bears are solitary animals that inhabit rough terrain.  The data for survival, reproduction, and hunting patterns for black bears in the Great Dismal Swamp National Wildlife Refuge estimated in this experiment are based on data taken by Sybille Klenzendorf in the Cooperative Allegheny Bear Study area, a hunted black bear population in western Virginia, with the assumption made that the bear population as well as the hunter population in eastern and western Virginia are roughly similar. 
It has been shown that except in extreme cases of male shortage, the population dynamics of bears are dependent on the female population only.  This may be because of the wide range of bears, particularly male bears, which may be up to 100 miles, or because females can delay uterine implantation of a fertilized egg until reproductive conditions are favorable.  
Bears populations can reasonably be divided into four distinct groups.  These groups in order of increasing development are cubs, non-reproductive subadults, reproductive subadults, and adults.  Each of these subgroups is separated by approximately one year of development, and each group has unique behavioral and reproductive characteristics that contribute to the size of their metapopulation(Klenzendorf).  

The first group, cubs, are too young to reproduce.  They stay in the den with their mother for much of their time, and are clearly much smaller and less developed than the other subgroups.  For these reasons, they are never harvested by hunters.  Reproduction rates for bears are calculable by studying the number of cubs in the den soon after birth, but because it is almost impossible to tag a cub for tracking purposes, a cub survival rate independent of human interaction is very difficult to accurately gauge.  An estimate based on western Virginia bear populations puts the survival rate at 80%, based mostly on accidental kills such as traffic accidents, and this is the number used in the experiment.
The second group, non-reproductive subadults, also are not developed enough to reproduce.  At this age, though not fully developed, non-reproductive subadults physically resemble adult bears, and are harvested by hunters.  When bears develop into subadults, the litter spread from their den for miles.  Possibly because of the distance they cover in dispersal or their survival inexperience, non-reproductive subadults tend to form the majority of the hunting harvest, representing approximately 60% of all female bears harvested in western Virginia.  The overall survival rate in the western Virginia study for this subgroup was 71%, which includes all human related as well as natural deaths.  Survival rates in non-hunted populations for this subgroup as well as reproductive subadults and adults have been shown to be typically near 99%, and for this experiment are assumed to be 100%.  
Reproductive subadults make up the third subgroup.  These subadults physically resemble adult bears as well.  The chief difference in terms of population modeling between adults and reproductive subadults produce smaller litters than adults.  Subadults produce approximately .28 female cubs per year.  Subadults are harvested by hunters, and make up roughly 10% of the females harvested.  They have an observed overall survival rate in western Virginia of 76%.
The final subgroup is adult bears.  After bears reach adulthood, they typically live for approximately 25 more years in the absence of human interaction.  During that time, they reproduce every other year, in litters of 2-3 bears, giving an observed average of .58 female cubs per year.  Adults account for 30% of all females typically harvested by hunters, and have an observed survival rate in western Virginia of 91%(Klenzendorf).
Modelling Method
Because bear populations can be divided conveniently into four metapopulations and fertilization occurs prior to hunting season, it is convenient to use a discrete population growth model.  The Leslie-Matrix model is used in this experiment.  The subpopulations are assigned variables as C (cubs), N (non-reproductive subadults), S (reproductive subadults), and A (adults).  The population of cubs is based on the number of reproductive subadults and adults from the previous year multiplied by their respective reproductive rates.  The number of non-reproductive subadults is given by the number of cubs of the previous year multiplied by the survival rate of cubs.  The number of reproductive subadults is given by the number of nonreproductive subadults multiplied by their survival rate.  Finally the number of adults in the next year is given by the sum of the number of reproductive subadults multiplied by their survival rate and the number of adults from that year multiplied by their survival rate.  In summary:
Cn+1 = αSSn  + αAAn
Nn+1 = βCCn
Sn+1 = βNNn
An+1 = βSSn + βAAn
where αx is the reproduction rate of subgroup x and βx is the survival rate of subgroup x.


To get a sense of how hunting would affect the refuge’s bear population, we initially assume that the reproduction and survival rates for the refuge will be the same as those observed in western Virginia, which is open to hunting.  Represented as a matrix:
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Though this is not a completely realistic population distribution, its effect on the accuracy of the model should be minimal.

MatLab is used to model this system, using the following program, which multiplies the survival rate matrix by the population matrix and stores the result as the new population matrix:
clear all

A=[0 0 .28 .58; .8 0 0 0; 0 .71 0 0; 0 0 .76 .91;]

[v lambda]=eig(A)

y=zeros(4,20);    

y(:,1)=[1;1;30;120;];

t=zeros(4,20); 

t(1,1)=sum(y(:,1));

for n=1:19

    y(:,n+1)=A*y(:,n);   

   t(1,n+1)=sum(y(:,n+1)); 

end

plot([1:20],y(1,:),'*r',[1:20],y(2,:),'xb',[1:20],y(3,:),'og',[1:20],y(4,:),'xr',[1:20],t(1,:),'or');

legend('cubs','nonreproductive subadults','reproductive subadults', 'adults', 'total');

This analysis indicates that if the refuge’s 300 bears were subjected to the same survival pressures and continued to reproduce at the same rate as the hunted bear population in western Virginia, the population would not be negatively affected.  In fact, the bear population would grow.  The dominant eigenvalue of this matrix is 1.1144, or a linear growth rate of 11% per year.  The ultimate number of bears is unrealistic, as 1600 female bears is far more than the likely carrying capacity of the refuge, but the trend is clear.  However, there are serious flaws with this analysis.  The largest flaw is the assumption that the survival rate for each subgroup will be the same for the bears in eastern Virginia as they are for the bears in western Virginia.  While no data has been taken on survival rates in hunted populations in eastern Virginia, it is not reasonable to assume that they will be as high or higher than in western Virginia.  Western Virginia very mountainous, has a much larger bear habitat, and a much lower human population.  These three factors mean that the hunting pressure in eastern Virginia will be much higher without some kind of special control, and therefore survival rates will be much lower.
Refining the Model

In order to better assess the effect of hunting, it is necessary to modify the model.  Rather than calculating a rate of survival for each subgroup, a certain number of bears will be removed from the populations that will be hunted.  This method will more accurately model the VDGIF proposal of a quota hunt of 20 bears.  The basics of the model remain the same:


[image: image2]
The survival rates are changed to account for the number of bears from each subgroup that would be killed, bearing in mind that it is observed in western Virginia that hunters kill female bears 40% of the time, and of those 60% are nonreproductive subadults, 10% are subadults, and 30% are adults. For simplicity, non-hunting survival rates are assumed to be 100% for the three hunted subgroups, which is close to what is observed. The result is

H = Number of bears allowed to be killed per year
βN = 1 – H*.4*.6/Nn
βS = 1 – H*.4*.1/Sn
βA = 1 – H*.4*.3/An  - 1/25

By dividing by the number in the previous year’s previous subgroup, the constant number of bears killed is converted to a ratio of bears killed per total bears.
The additional term subtracted from the survival rate of adults accounts that adult bears live approximately 25 years, so approximately 1/25 will be removed by natural causes.

As a matrix:

The MatLab program used earlier is modified  to reflect the new survival rates, including a separate term for H, and the matrix of survival rates is called inside the for loop, so that it is updated with each iteration.
clear all

h=20;

y=zeros(4,20);  

y(:,1)=[1;1;30;120;]

t=zeros(4,20); 

t(1,1)=sum(y(:,1));

for n=1:19

    A=[0 0 .14 .29; .8 0 0 0; 0 1-(h*.4*.6)/y(2,n) 0 0; 0 0 1-(h*.1*.4/y(3,n)) 1-1/25-(h*.3*.4)/y(4,n);]

    y(:,n+1)=A*y(:,n);

    t(1,n+1)=sum(y(:,n+1));    

end

plot([1:20],y(1,:),'*r',[1:20],y(2,:),'xb',[1:20],y(3,:),'og',[1:20],y(4,:),'xr',[1:20],t(1,:),'or');

legend('cubs','nonreproductive subadults','reproductive subadults', 'adults', 'total');
Results
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According to the model, the proposed hunt of a fixed number of 20 bears each year will not have a negative affect.  Because the survival rates change with each iteration, it’s impossible to calculate a linear growth rate, but the bear population clear grows past the reasonable carrying capacity after less than a decade.

The program is run with varying values of H to determine if there is a maximum sustainable hunt.

H=90
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H=100
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This shows that a hunt of 90 total bears per year will be just sustainable by the population, but a further increase in the total hunt to 100 bears will cause the population to crash to extinction.
Thus far, it has been assumed that the reproduction rate of black bears in the refuge will be the same as for bears in western Virginia, but this may not be accurate.  The greater human population density of the area or the swamp environment may negatively affect the reproduction rate.  To test the effect of the proposed 20 bear hunt on a less reproductive population, the experiment is repeated with the reproductive rates of subadults and adults at one quarter of their previously used level.
H = 20

β = 1/4 β
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This shows that if the reproduction rate were at one-quarter of what would be expected from observed rates in western Virginia, a hunt of 20 bears would just be sustainable, leading to an increase of approximately 50 female bears in the total population in 20 years.
Conclusion:
This discrete matrix model of black bear population in the Great Dismal Swamp National Wildlife Refuge indicates that the VDGIF’s proposal of a hunt of a fixed 20 bears per year would likely not cause irreparable damage to the bear population.  Assuming reproduction and hunting tendencies follow those observed in western Virginia, the population of 300 bears would grow despite the hunting.  The model indicates that the number sustainable could be a hunt quota as high as 90 bears.  However, this model makes many assumptions, calling into question whether this specific number is accurate.  Assumptions are made about the initial population size and distribution, as well as the survival rate and hunting patterns which may not accurately reflect the refuge’s situation.  A perfect non-hunting survival rate and no migration into or out of the refuge are assumed, which is probably not accurate given the proximity to high density human populations.  For this reason, a specific number of bears that can be hunted to maintain the population would be dangerous to suggest, only that all evidence shows that 20 bears will be safely less than what might cause extinction.
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The initial population of female bears divided by subgroup for the refuge is unknown.  All that is known is that typically there are approximately four times as many adults as reproductive subadults.  The population of 300 bears should be approximately half female.  For simplicity’s sake, the initial population matrix used is:
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Cn+1 = αSSn  + αAAn





Nn+1 = βCCn





Sn+1 = βNNn





An+1 = βSSn + βAAn





H=20





0                  0                 .28                 .58


1                  0                    0                    0


0      (1 – H*.24/Nn)                  0                    0


0                  0         (1 – H*.04/Sn)    (1 – H*.12/An - .04)








