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Abstract:


There is a concern that mole salamanders are in danger of becoming extinct due to their need to travel between forest and vernal pool areas for breeding.  Their main obstacle is asphalt roads.  If this situation can be modeled mathematically, it would be feasible to predict at which point the building of new roads would push the salamanders into extinction.

Introduction: 


According to the Massachusetts List of Endangered, Threatened and Special Concern Species, the mole salamanders are under special concern because their numbers have declined in such a way that they will be threatened into extinction if care isn’t taken to preserve their habitat and breeding ground.  In order to maintain the habitat so that the populations of the mole salamanders remain in tact, it is necessary for the adult salamanders to return to a vernal pool to breed.  

Asphalt roads block the path from the forest habitat to the vernal pool breeding ground.  The salamanders either try to cross the road and end up dying under the wheels of cars or are too scared to cross the road and therefore are unable reproduce.  Salamanders will walk around roads as long as the walk is not too far.


Mathematically, if it can be shown that there is a minimum number of roads that block the salamanders from their breeding ground, forcing them into extinction, then theoretically, if we reduce the number of roads by 1, the salamanders will not go extinct.  


In order to simplify the problem, the following parameters have been applied:  

· the salamanders can walk 10 units to and 10 units from the pond in one year

· the salamanders can walk horizontally or vertically (ex. it can walk 3 units east, 1 unit north, and 6 units west)

· a road of 7 units can be built in one year (either horizontal OR vertical, but cannot bend)

· there are 10 vernal pools and 20 forests (see Fig. 1) in a 20 x 20 grid

Figure 1   [image: image1.png]



· salamanders can get to any pool within their travel distance

· roads are on the edges, salamanders walk in the middle of the squares

Note:  A pool and a pond are used interchangeably below

Definitions of variables used throughout:

· (a, b) = the location of the pond on a grid

· (x, y) = the location of a forest on a grid

· r = road length

· w = walking distance of the salamander

Background:


Four different salamander species in New England are known collectively as the mole salamanders.  They are the Jefferson salamander (Ambystoma jeffersonianum), Blue-spotted salamander (A. laterale), Marbled salamander (A. opacum), and the Spotted salamander (A. maculatum).  The Jefferson and Blue-spotted salamanders are on the Massachusetts list of Special Concern species, and the Marbled salamander is on the Massachusetts list of Threatened species.  If their habitat, which is the upland area around vernal pools and the vernal pools, is not protected, then Massachusetts will lose the populations of salamanders that live and reproduce in the vicinity of the vernal pool (“Massachusetts List…”).   The Spotted salamander (A. maculatum) is not currently on the list, but efforts are being made to prevent the population from declining (Fefferman).

A vernal pool is a body of water that does not have an inlet or outlet.  They tend to be filled with winter runoff or water from the rising water table during the spring.  Vernal pools tend to dry up by mid-summer, therefore eliminating it as a habitat for fish or bullfrog tadpoles or turtles (Vernal Pool Association & “Salamander Migration”).


Adult salamanders will lay their eggs in a vernal pool, the larvae will mature enough by the time the pool dries up and migrate to the nearby forest where they will forage and live until they reach adulthood.  Many times, the adult salamanders (2-3 year olds) will return to the same vernal pool where they matured to lay their own eggs (Erelli & “Salamander Migration”).  


Salamander migration tends to occur after the “first rainy night over 45 degrees Fahrenheit, after the ground has thawed (“Salamander Migration”)”.  Since asphalt roads often separate salamanders from their vernal pool, one attempt to help them includes networks of people who pay attention to the weather and keep an eye out for salamander sightings on roads.  Those people will actually go to the roads and help the salamanders cross.  Another effort is to dig a tunnel under the road, see Photo 1, and place “drift fences” nearby (“Salamander Tunnels”) to direct them under the road and toward the vernal pool (“Salamander Migration”).  

[image: image2.jpg]



Photo 1:  One example of a salamander tunnel that was constructed to allow salamanders to “cross” the road without being run over by vehicles (”Salamander Tunnels”).

Main methods & results:


The upper bound that will cause the salamanders to go extinct is 40 roads.  This is because if the 10 pools are blocked with 4 roads each, the salamanders will not be able to reproduce.  However, this does not answer the original question, what is the minimum number of roads needed to cause the salamanders to go extinct?


After simplifying the problem down to examining 1 pond and 1 forest, it was determined that the feasible region that the salamanders can walk to from the pond can be given by the set Z where 
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This equation was derived from the fact that a salamander’s horizontal walking distance between two points, (x, y) and (a, b), can be calculated by
[image: image4.wmf]xa

-

and likewise the vertical distance is given by
[image: image5.wmf]yb
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.  The sum of these distances cannot exceed the salamander’s total walking distance.  This is illustrated in Figure 2.

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 2: The green shaded region represents the area where forests are within the salamander’s walking distance of the pond.


Once it was determined the area from which the salamanders could reach the pond, (a, b), it was divided according to whether it would require 1 or 2 roads to cut them off.  The one road region was found to include points belonging to the set 
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Here the horizontal distance or the vertical distance needed to be greater than the difference between the walking distance and road length.  The remaining points within the salamander’s walking distance were thought to require 2 roads. (See fig. 3)

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 3.  The purple region requires 1 road to block the salamanders from the pond.  The yellow region was originally thought to require 2 roads.


By testing the above regions, it became clear there were four forests located on either “axis” in the 2 road region for which only 1 road was required, slightly altering the above set of points. (See fig.4)   This can be explained by considering the salamander’s horizontal and vertical walking distance relative to the amount a single road can “displace” it from its original path.  For example, the black box in Figure 4 below could be represented by the coordinate (3, 0) relative to the pond, (0, 0).  At that position, the salamander would walk 3 units left to reach the pond if no road were blocking its way.  Since the salamander can walk up to 10 steps it is necessary to determine if placing a road will displace the salamander enough to prevent it from reaching its destination.  

The formula 
[image: image8.wmf]1
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 can be used to calculate the amount of displacement, D, that would prevent a salamander from reaching a pond at (a, b) given a forest at (x, y) and walking distance of w.  So for this example, D > 10 – 3 – 0 + 1 or 

D > 8.   

The total displacement, T, that a road will cause is 
[image: image9.wmf]2(1)
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where r = the road length.  In the above example, T = 2(7 + 1) = 16.  Even if this distance is divided equally by having the forest centered on the road the salamander’s displacement will not be greater than 8 in each direction, therefore proving it can reach the pond from those four spaces.

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 4:  Revised from previous figure.  Black squares now shown to be blocked by 1 road.

If the number of forests is increased to 2 around 1 pond, it is still possible to block the salamanders using one or two roads depending upon the location of the forests relative to each other.  If one forest is placed in the original 1 road area and a second forest is placed adjacent to or “behind” it, as shown in Figure 5, it is still possible to place a single road to cut off the salamanders from the pond.

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 5:  Dark green shows where second forest placement allows for 1 road block.


If the forests are both located anywhere else in the purple region or in the yellow and purple squares of the larger part of the configuration shown in Figure 6, it is possible to prevent the salamanders from reaching their pond with two roads.  If, on the other hand, one forest is in a yellow square in the larger portion and the other forest is in either the yellow or purple that are diagonally across from it then 3 roads are required.

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 6:  Configuration of split to determine whether 2 or 3 roads block the salamanders.


When examining 2 ponds, it became necessary to consider the relationship of the distance the salamander was to each pond.  The overlap of these initial configurations was considered.  At one point, the area of intersection was treated as “feasible regions” to determine how many roads may be needed to stop the salamanders.  However, upon further investigation it was clear that the number of roads would not increase beyond four and could often be reduced due to displacement caused by just one road.  In the case of two ponds aligned vertically or horizontally, the main difference seemed to be that 3 roads were now required to block the salamanders in what used to be the one or two road region on the axis between the ponds.   

2 ponds, 1 forest

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 7:  Number of roads required to block the salamanders from both ponds.

Red = 3 roads     Yellow = 2 roads     Purple = 1 road

Summary & Conclusion/Conjecture:

Knowing that greedy algorithms usually do not generate the optimal solution to a problem, but do generate a possible solution, a greedy algorithm was attempted.  Because each pond is blocked with 4 roads, a total of 40 roads could be used to block the ponds from the forests.  However, by displacing a road in one direction or another, two forests can simultaneously be blocked from one or more ponds.  

The distance from each pond to the forests within the walking distance was memorized and used to help determine optimal placement of the roads.


The minimum number of roads used to block 10 ponds from 20 forests in the original grid is 22.  Therefore, 21 roads will theoretically prevent the extinction of the spotted salamander.  At this point, it is not mathematically certain to be the case.

Avenues for Further Study:

· Roads of different lengths

· Walking distances of different lengths

· Vary the number of ponds

· Vary the number of forests

· Vary the area that the ponds & forests are found in

Original constraints that weren’t examined:

· 200 salamanders that are evenly distributed in the forests

· a breeding salamander couple has 2 children a year

· salamanders live up to 20 years

Varying those constraints:

· the number of salamanders

· the number of surviving offspring per year

· the number of surviving offspring dependent on the weather

· the life span – pollution (increased or decreased), predators (abundance or lack of)

· the shapes on “grid”; ex. pentagon, hexagon, etc.

· polar coordinates (distances & angles / vectors)

· # steps between each turn & direction

· roads can go diagonally

· building roads in separate pieces (ex. 3 units long, gap, 2 units, gap 2 units)

· changing the time of year that the roads are built

· salamanders start in the pond rather than the forest

· salamanders must return to a specific pond
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