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Abstract

We will present our solution to the 2000 Interdisciplinary Contest in Modeling problem which asked us to develop a plan for using contraceptive darts to control a population of elephants.
Restatement of the Problem


Due to a public outcry against the slaughtering of elephants and the uneconomical costs of relocating elephants, a contraceptive dart was developed to maintain the elephant population in South Africa. This dart can prevent a mature elephant cow from conceiving for a period of two years. The problem at hand is to determine whether the trade-off between the contraceptive dart and relocation is worthwhile. 


In order to determine this, a model is needed to determine approximately how many cows need to receive this dart to keep the population constant. Along with this model, a series of questions must be answered to assure the park management of its effectiveness.  

If it is feasible to relocate between 50 and 300 elephants per year, how would this reduce the number of elephants to be darted?  If there were a sudden loss of a large number of elephants, possibly due to disease or uncontrolled poaching, would the effect of darting impede the growth of the elephant population?  Using the model, how might other parks of varying sizes (300-25,000 elephants) and survival rates benefit from the contraceptive dart.    

Assumptions

Based on the Given Information

· The gender ratio is very close to 1:1 and control measures have endeavored to maintain parity.
· The gender ratio of newborn calves is also about 1:1.  Twins are born about 1.35% of the time. 
· Cows first conceive approximately around the age of 10 and produce, on average, a calf every 3.5 years until they reach an age of about 60.  
· Elephants usually have courtship only once in 3.5 years.
· A cow can be darted every year without additional detrimental effects. A mature elephant cow will not be able to conceive for 2 years after the last darting. 
· Around 75% of the newborn calves survive to age 1 year. Thereafter, the survival rate is uniform across all ages and is very high (over 95%), until about age 60.  For all our purposes, we will use the 95% as the survival rate.
· There is no hunting and negligible poaching in the Park.
Additional Assumptions

· Gestation is approximately 21 months (Encyclopedia Americana). 
· The data available at www.comap.com/icm/icm2000data.xls reflects the remaining population age structure for the remaining elephants in the park. All percentages are based upon this information. 
· Control measures that keep the gender ratio approximately 1:1 are natural. 
· There is a reliable record keeping and tagging system in place to keep track of all darted elephants and which ones are pregnant. 
· The female population is divided up into 7 equal groups based on the cows’ reproductive cycles with a different group giving birth every six months.
· Once an elephant cow has been darted, she will continue to be darted every 21 months for the rest of her childbearing years.
· 21 months after a cow has given birth, she conceives again which is consistent with the courtship of 3.5 years. 
· The possibility of death of all elephants in the park is equal. (The dart doesn’t increase or decrease death rates).
Analysis of the Problem 

The number of births needed to maintain a constant population is based upon the desired population, the current population, the survival rates of elephants under the age of 1, the percentage of elephants under the age of 1 in the population, and the survival rate of elephants over 1. The number of cows to be darted each year can be calculated based upon the number of females capable of conceiving, the number of allowed new births, and the number of possible twins. 

Design of the Model

At any given point in time, we assume that the number of infant (less than 1 year old) elephants is approximately ((.  We will let these infants be represented by Bo where ( = ratio of total population that are infants and ( = the current total population.  Of these Bo, (Bo will live where ( is the survival rate for elephants under 1.  So, (1-()Bo will be the number of infant deaths.  Since Bo of the total population are infants, (-Bo will be the population over 1 year old.  Of these (-Bo elephants, (((-Bo) will live where ( is the survival rate for those over 1, so (1-()((-Bo) will die.  Thus through the course of the year, (1-()Bo + (1-()((-Bo) elephants will die and we will have a total of ( - [(1-()Bo + (1-()((-Bo)] elephants remaining.  To satisfy our target population requirement, (, the remaining female elephants can have up to ( - [( - (1-()Bo - (1-()((-Bo)] babies per year and remain under or equal to our target population (.  To keep from getting clustered, we will let this amount be designated by NB.  


We now need to determine how many cows will conceive in the coming year.  Let ( be the ratio of the population that is female and ( be the ratio of these females that are of conceiving age.  Then the number of conceiving females is (((.  Let ( be the chance that a female will give birth to twins.  Then the number of females giving birth to twins will be ((((.  Then the total number of babies the population can produce in a year’s time is ((( + ((((.  Earlier, we assumed that the female population was divided up into 7 separate groups with one group giving birth every six months. At the end of 42 months all 7 groups have given birth at a rate of 
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(((( + (((() new births per year.  So, the number of females that need to be darted is the number of possible births in a year minus the allowed number of births to keep the desired population, or Fd = 
[image: image2.wmf]7

2

(((( + (((() – NB.  Re-substituting for NB, we get Fd = 
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(((( + (((() – (( - [( - (1-()Bo - (1-()((-Bo)]).  Now re-substituting for Bo, we get Fd = 
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(((( + (((() – (( - [( - (1-()((() - (1-()((-(()]).  Through algebraic manipulation we arrived at our first mathematical equation:
Fd = ((
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((( + ( - ((( - ()) - (
	Mathematical Symbol
	Description of the Symbol

	Fd
	Cows Darted

	(
	Target Population

	(
	Survival Rate Over 1 Year

	(
	Current Population

	(
	Survival Rate Under 1 Year

	(
	Ratio of Population of Females

	(
	Ratio of Female of Conceiving Age

	(
	Ratio of Population Under 1 Year

	(
	Chance of Twins 


Table 1


An estimate of the population of one reproductive group at the end of its reproductive cycle (3.5 years or 42 months) can be derived and used back in the first equation to determine the number of cows needed to be darted the next reproductive cycle. For each reproductive group the number of cows that can give birth equals 
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.  At the end of 21 months, these cows can give birth to (1 + ()(
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).  At this point also, the total population of the group will be ((((2)(.75) + (1 + ()(
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) + (((1-().  At the end of 42 months the estimated population will be [(.75(2)[((((2)(.75) + (((1-()]+ ([(1 + ()(
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Note, when using this estimate to determine the number of cows to be darted in this reproductive group at this point in time, you must divide equation 1 by 2, as that equation gives a darting estimate for 2 groups.    

Tasks to Be Completed

Task 1:

It was given earlier that the survival rate for elephants aged 2 to 60 is approximately 95%. Why?  The reason for this is that by the age of 2, there are very few things that can kill an elephant. This is due to the fact that an elephant has developed its tusks and has grown large enough to fend off  non-human predators. Remember that it was assumed that there is negligible poaching and hunting within the park. Also, from our research and knowledge, there are no known fatal diseases that would reduce the survival rate significantly. Another possible threat to the elephant is the depletion of its natural habitat. This threat is easily eliminated due to the fact that the land the elephants inhabit is a national park and protected by the government. Finally although droughts may threaten the existence of many species in Africa, elephants have adapted to this condition and have performed such acts as knocking down small trees to retrieve the leaves from the highest branches and even digging for water with their tusks. During this time, they eat the woody parts of trees, twigs, branches, bark, flowers, and fruit roots. 


Speculating about the current age structure of the elephant population, we assume that it follows, percentage wise, the data we obtained from the web-site mentioned above. For example 4.2% of the total population will be elephant calves under the age of 1.  Also, 72% of the females will be in their child bearing years, which we assumed to be from the age of 10 to 60. 

Task 2:

Based on our developed model with (=11,000, (=.95, (=11,000, (=.75, (=.50, (=.72, (=.042, and (=.0135, we estimate that a total of 504 cows should be darted each year to maintain a fixed population of approximately 11,000 elephants.  


The data at our disposal may not accurately reflect the age structure of the remaining population of elephants in the park.  This would change the number of cows that need to be darted each year.  For example, if only 60% of the female population were of childbearing years and 5% of the total population were under the age of 1, then it is necessary to dart only 296 cows per year.  If the age structure were comprised of 80% females of childbearing age and 3.5% calves under age 1, then 647 cows would need to be darted each year.


Assuming our model is correct, the age structure of the population should remain similar to the data given on the web-site.  The reason for this is that our model is based on the percentages of elephants in each age group remaining the same to obtain our target population.  In our opinion, this would have no affect on tourists since they will continue to see elephants of all ages provided by our model.  There will still be plenty of baby elephants to attract attention.

Task 3:

Obviously, if relocation of a portion of the elephant population were feasible, fewer elephants would need to be darted each year.  
Assuming that there is a reason for relocation, such as repopulating other areas, Figure 3.1 illustrates how relocating between 50 and 300 elephants would reduce darting.

	Number to Relocate
	Number Cows Darted

	0
	504

	50
	454

	100
	404

	150
	354

	200
	304

	250
	254

	300
	204


Figure 3.1


The above information was calculated by using the model we developed with (=11,000 + the number to be relocated.  Upon review of Figure 3.1, it is easy to see that for every 50 elephants relocated, 50 less cows need to be darted that year.  However, it should be stated that there will be less than the target population for the first couple of years after the removal of the elephants due to the fact that the gestation period is 21 months. 

Task 4:

A concern has been expressed that the darting process will greatly impede the regrowth of the elephant population in the event that a sudden loss of a large portion of the population was to occur.  We can show that in a worst case scenario where no calves are born until all the effects of the dart contraceptive wear off, that the darted population will experience a maximum of 4 years loss of regrowth time.  This 4-year estimate was derived assuming that all darting stopped immediately and within 2 years all surviving cows of the appropriate ages will conceive.  Since this 4-year estimate is a maximum figure in the worse case, we do not believe that the population will suffer any devastating effects based on darting.  The population will replenish almost as quickly as a population where no darting was involved.

Task 5:


If it were deemed necessary to convince an elephant reservation that our plan is preferable to relocation and shooting, our approach would be thus:

To Park Management, 

In response to your desire to control your elephant population without the need to shoot or relocate elephants, we have devised a model to help you implement a contraceptive darting plan. 

We are aware that you have concerns about the effectiveness of a model based on available data sets.  We are also aware that you are seeking a cost-effective way to control your elephant population.  

As to your concern that a lack of complete data makes the use of a model unreliable, we are convinced that the two sets of data from removals of the previous years are sufficient. We know that elephants live in close knit family groups with 25-30 members.  It has also been documented that the removal of a few members has an adverse affect on the group’s survival.  Therefore, we assume that whole groups/families are removed rather than partial ones to avoid this and that these families have been removed from various regions throughout your park. This results in a representative sample of the overall elephant population, which corresponds with the data available in that both sets contained similar age structures.  Therefore, it is not necessary to have data on every elephant. 

As to the your concern of cost, our research indicates that there is a great deal of specialized equipment and manpower, precautions and carefully planned transportation routes, and an extreme amount of paperwork is needed to relocate elephants.  As an example, consider the transportation of 800 elephants.  These elephants, weighing an average of 10,000 lbs. apiece, would cost $40 million at a rate of a penny/lb. each mile to transport a distance of 500 miles.  In your situation for a target population of 11,000, the first year we would have to dart about 500 cows and the darts would have to cost approximately $80,000 apiece to equal the relocation costs.   

Finally, we advise that you follow the darting/evaluation outline listed below:

1. For each reproductive group, tranquilize and tag (for future ease of identification) all females to be darted initially.

2. Tag a new group every six months till all 7 groups have been tagged. 

3. For each group, 21 months after its initial tagging and darting, re-dart the same elephants again. 

4. For each group, 21 months after the second darting, estimate the current population of that group using the models second equation. 

5. This estimate then becomes the current population in the first equation and the new amount to be darted can be derived.

6. Every 19 years tranquilize and record the age information for a 600-800 elephant sample to get new data for 2 consecutive years. 

7. From this data, derive new ratios and determine the new amount to dart. 

This letter should answer any questions or concerns you might have about our contraceptive model for controlling the elephant population. Feel free to contact us if you have any further questions concerning the model.  

Task 6:


Figure 6.1 illustrates the number of cows that would need to be darted each year for parks of various sizes (300-25000 elephants) with slightly different survival rates.  These results are based on our mathematical model with the assumed constant ratios of (=.5, (=.72, (=.042, and (=.0135.

	Target Population
	Survival Rate Over Age 1
	Current Population
	Survival Rate Under Age 1
	Number of Cows to be Darted
	
	
	
	

	300
	95%
	450
	70%
	170
	
	
	
	

	400
	96%
	400
	71%
	20
	
	
	
	

	500
	94%
	650
	72%
	173
	
	
	
	

	600
	95%
	600
	73%
	29
	
	
	
	

	700
	95%
	689
	74%
	22
	
	
	
	

	800
	96%
	805
	75%
	50
	
	
	
	

	900
	94%
	901
	76%
	37
	
	
	
	

	1000
	93%
	1000
	77%
	31
	
	
	
	

	2000
	96%
	2050
	78%
	174
	
	
	
	

	3000
	95%
	3500
	79%
	673
	
	
	
	

	4000
	95%
	4025
	80%
	230
	
	
	
	

	5000
	95%
	6000
	79%
	1308
	
	
	
	

	6000
	96%
	5800
	78%
	101
	
	
	
	

	7000
	96%
	7800
	77%
	1209
	
	
	
	

	8000
	95%
	8050
	76%
	446
	
	
	
	

	9000
	97%
	8500
	75%
	53
	
	
	
	

	10000
	93%
	11000
	74%
	1310
	
	
	
	

	12500
	93%
	12604
	73%
	478
	
	
	
	

	15000
	94%
	15985
	72%
	1468
	
	
	
	

	17500
	94%
	16953
	71%
	72
	
	
	
	

	20000
	95%
	19300
	70%
	70
	
	
	
	

	22500
	94%
	24000
	76%
	2449
	
	
	
	

	25000
	96%
	25075
	75%
	1369
	
	
	
	


Figure 6.1

Strengths and Weaknesses

Our greatest weakness is our assumption that the female population can be divided up into seven distinct reproductive cycle groups.  The reason this is a major weakness is that it may not be possible to divide them up accordingly and then the model will fail. Another weakness is that our mathematical model relies heavily on the data given on the web-site.  The reason is it may not truly represent the elephant population of the park, which would cause poor results.  The last weakness of this model is the inability to accurately test the model, besides actually implementing the darting system.

The greatest strength of our model is the simplicity of final mathematical equation.  All it requires is plugging in different values to determine the number of cows to dart based on different situations.  Basically, plugging and chugging.  The next strength of our model is that it works for an extremely wide range of populations where every situation can be accounted for.  Another strength is that new elephant population data does not need to be gathered for approximately 20 years.     

Testing

Testing of our model involves actually implementing the darting plan on a small sample of elephants.  Observations must be made for a few years to check the accuracy of the model.
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