Shark: A Simulation of Predator-Prey Relations





Overview





Predation, the killing and eating of one organism by another, is one of the basic mechanisms of energy flow in an ecosystem. It is also a potent selective agent, since success in obtaining prey can increase the fitness—the ability to contribute genetically to the next generation—of the predator, while eliminating all possibility of fitness for the prey. Natural selection leads to the survival of prey that develop defenses such as camouflage, speed, armor, and group defense. These same pressures of selection result in predators overcoming these defenses by sophisticated sensory systems, powerful attack weapons, pack hunting, and other means. Thus, when we examine the adaptations of predators and prey, we may expect to see the solutions that hundreds of millennia of strong natural selection have produced.


	"Optimal foraging theory" is a branch of ecology that deals with some of these issues. The basic question is, "How should a predator hunt in order to maximize its fitness?" The theory covers narrower questions such as: What kinds of organisms should be included in a predator's diet? How much time should be devoted to hunting as opposed to resting and other activities? What risks of injury are involved in hunting? When should a predator stop foraging in a partially depleted patch of prey and move on to an undepleted patch? Ecologists commonly explore these questions with field observations and mathematical models of foraging predators.


	Many of these optimal foraging models are quite simple, and evaluate the success of predators that rigidly follow foraging rules. In the Shark simulation, you will practice a more realistic type of simulated foraging, including a complex environment and 40 different types of prey (some of which are dangerous to the predator). You yourself will control the foraging behavior of the predator. You can evaluate your success by a point system that rewards energy intake and punishes injury.





The Shark Simulation





In the Shark computer simulation, you pilot a 1-m long bonnethead shark (Figure 1) on its hunting expeditions. The Shark game takes place on a summer evening just off Folly Island, close to Charleston, South Carolina. Folly Island is a barrier island with sandy beaches, rock seawalls, a small resort town, and many summer homes. Behind the island is a salt marsh about 3 km wide. To the west of the island, the polluted Stono River enters the Atlantic. Offshore, the bottom is mostly flat and sandy. The tidal range is 1.58 m.





Figure 1  A bonnethead shark attacking a blue crab.


�


	This coastal environment has been scaled down and simplified into five habitats: the offshore sand, areas of rocky outcrops called "live bottoms," wave-pounded sandy beach, the salt marsh, and the Stono River estuary. Each area has a realistic prey fauna. Figure 2 shows the map used by the Shark simulation. In order to facilitate the game, the map distances are all scaled down to 20% of their true size, and the tidal cycle has been speeded up so that it is 24 game minutes (rather than about 6 hours) from high tide to low tide.





Figure 2	The map used in the Shark simulation.
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	Offshore Sand    The offshore sand is the largest prey area in Shark, but it is a monotonous biological desert without much prey. Note: Keep away from the "Dangerous Waters" at the southern end of the offshore sand.


	Live Bottom    If the offshore sand is a desert, then rocky and shelly outcrops and the seawall are oases. Attached animals can grow on the stable bottom, and fish congregate to feed on them. The live bottoms are excellent hunting grounds.


	Sandy Beach/Surf Zone    The sandy beach is a harsh and unstable habitat: waves continually churn up the sand, and tides alternately flood and expose the bottom. However, dead animals come to rest here, and specialize swash zone animals use the energy of the waves to help them feed. (In addition, the beach has a few human swimmers who foolishly thought it was safe to go back into the water.)


	Estuary    An estuary is the rich habitat formed when a river (the Stono in this case) meets the sea. Large populations of prey fill the soft mud bottom that extends like a finger out into the offshore sand. However, the river is polluted, so bonnetheads should try not to swim too far upriver.


	Folly Marsh    This salt marsh is a plain of mud and meter-high grass. Tidal flooding twice a day makes it fertile, and it teems with life, from millions of fiddler crabs to dense swarms of the infamous salt marsh mosquito. However, the marsh is accessible to bonnetheads only when the tide is higher than +0.4 m. When the marsh on the instrument panel map changes from green to light blue, there is enough water in the marsh to allow your shark swim there. But don't stay too long. Sharks marooned on the marsh when the tide goes out (and the marsh map changes back to green) will die and be torn apart by seagulls.





�
	Instead of hunting by sight, a bonnethead uses smell, sound, pressure waves, and electrical signals to detect prey. Using these signals, you will detect a target, home in on it, and attack it. If you are skillful and wise in your choice of prey, your shark will kill the prey and receive game points. If you are not quite so skillful, the prey may escape or even injure your shark. Worse yet, there are large, fast sandbar sharks and tiger sharks cruising in the offshore waters. These monsters can easily make a meal out of careless bonnetheads.


	To play Shark successfully, you must understand nonvisual predation, offshore geography, and the ecology of 40 prey animals. However, before you begin, you will need to learn the basics of the Shark instrument panel, the behavior of simulated prey, the point system, and the environment in which the shark forages.





The Shark Instrument Panel





When you play Shark, the computer monitor becomes an instrument panel that provides information about your shark's direction, speed, swimming effort, fatigue, and map location. It also shows the strength of smell, sound, pressure wave, and electrical signals received on each side of the body from three size classes of prey items. It will be easy for you to use the simulation if you spend some time familiarizing yourself with the instrument panel screen.





The keys and buttons that control the shark and a list of screen symbols are shown in Tables 1 and 2.





Table 1		Shark control keys





Function�
Key/Button�
�
Speed up�
Up arrow�
�
Slow down�
Down arrow�
�
Turn left or right�
Left or right arrow�
�
Attack!�
Spacebar�
�
Pause the simulation�
Esc key / Pause button�
�
Reverse direction�
R key / button�
�
Speed up time to 20x normal�
T key / button�
�
View shark's position on a map�
M key / button�
�
Access help, other information�
? key / Help button�
�



Table 2		Shark's screen symbols





Condition�
�
�
�Distant prey to front�
�
�
�Close prey to front�
�
�
�Distant prey to rear�
�
�
�Close prey to rear�
�
�






Figure 3  The Shark instrument panel screen. The top of the screen shows the relative strength of signals received on each side of the shark's body by each of three prey items. Below this is a message area that gives information on bottom type, warnings about shallow water, shark fatigue, and other problems, and statistics on the number of points the shark has, the number of prey types killed, how much the shark is injured, and a timer that counts minutes and seconds since the beginning of the current game. The bottom left and center of the screen show a compass and a series of bar graph "gauges" that provide information on the shark's swimming effort, speed, and percent fatigue, plus the depth and tide (which varies from +0.79 m to -0.79 m). The bottom right of the screen shows the shark's position on a small map of the area off Folly Island. 





�





	You can use the example screen in Figure 3 to learn how to attack a prey item. The upper portion of the screen (with the bars) shows the strength of signals arriving on both sides of the shark's body from three prey. These are shown from smallest (at the top) to largest (at the bottom). The names of the prey are also shown on the screen, and you can see that the smallest prey is a bay anchovy, the middle-sized one is a blue crab, and the largest one is a bonnethead shark. The fact that the bars are thin indicates that so far the shark is receiving smell, sound, and pressure wave (rather than electrical) signals from all three prey. The filled bars for the crab indicate that the crab is ahead of the shark and slightly to the right. The hollow bars show that the bay anchovy is behind the shark and to its left, and the bonnethead is behind the shark and to its right. 


�
	To attack the blue crab, you should turn the shark to the right by using the arrow keys until the crab signals are equal on both sides, and then continue to make course corrections. The key to success is always to turn toward the side with the stronger signal and to maintain a steady course when the signals are equal on both sides of the body.


	When the crab becomes very close, the shark will pick up its electric field—the thin bars will disappear and will be replaced by thick, blue bars. At this time the experienced Shark user will cut the shark's speed to about 0.5 m/sec or less to allow more time for final corrections. If the approach is ideal, the two thick bars should almost touch in the middle of the screen. At this moment, press the spacebar to launch an attack on the prey.


	The attack might have one of three results. If the shark is too far from the prey, the user might get the disappointing message, "A mouthful of sand." If the attack is on target, either the user will kill the crab and receive a congratulatory message, or there will be a "Direct hit but no kill" message. It is also possible that the crab could injure the shark.


	If the shark swims past the crab, the electrical bars will convert to hollow, thick bars, indicating a prey close behind the shark. Don't reverse immediately. Swim past the crab for a short time and then reverse by pressing the R key or clicking on the 'Reverse' button. Make a slower, more accurate approach the second time.





Prey Behavior





Some Shark prey (like oysters and sponges) cannot move at all, some (like snails and small crabs) move only slowly, and some (like large fish) may move so fast that the shark cannot catch them. If a prey can move, as long as it is undisturbed, it moves randomly, changing its speed and direction every five seconds.


	On difficulty level 1, the prey continue to move slowly and randomly even if the shark attacks them. However, prey become "alerted" on difficulty level 2 if the sharks attacks near them. On difficulty level 3, prey become alerted if the shark merely gets close to them. Alerted prey speed up and zigzag wildly in an attempt to escape. 


	On all difficulty levels, prey that are attacked might attack the shark in return. In some cases, aggressive prey will attack the shark merely for getting too close. You will soon learn that some prey (for example, stingrays and oyster toadfish) mainly attack in self-defense, but others (for example, tiger sharks) may attack without provocation.


	The results of this attack might be a trivial injury from a sharp-edged oyster shell or a blue crab's claws, a serious injury from a stingray or a Portugese man-of-war, or instant death in the jaws of a large shark. 


	Injury is undesirable because it reduces your score (see "The Point System," below), slows your swimming speed, and increases the probability that large sharks will detect and attack you. Severe injury can kill you.


 


The Point System





Shark players receive points for the energy content of prey killed. Injury reduces the point total.


	Each prey in Shark (even the ones the shark could never kill) has a point value based on the number of kilocalories that it would provide. A barnacle is worth only 1 point, a 30-cm striped mullet is worth 1,860 points, and a human is worth 94,500. So, for maximum kilocalories (and the largest score), the shark should kill large prey whenever possible.


	Small reductions in the score are the result of the metabolic costs of swimming and making attacks, but the major loss of points is due to injury. Receiving a total of 1,000 injury points kills the shark and ends the game. On the principle that the evolutionary fitness of a dead shark is zero, no matter how many kilocalories it has eaten, the kilocalorie points are multiplied by (1-0.001 × injury points). Therefore, a shark that has incurred 100 injury points has its score reduced by 10%, 500 injury points reduce the score by 50%, and 900 injury points result in a 90% reduction. Injury also slows the shark down. So, although some injury may be inevitable, given the hazards of a predatory lifestyle, a successful foraging strategy includes avoiding excessive injury. Table 3 shows the injuries that various prey can inflict on an overly bold shark.





	Table 3		Dangerous Prey in Shark





Prey�
Injury�
Cause of Injury�
�
Atlantic stingray�
300�
Barbed, poisonous spine in tail�
�
Blue crab�
9�
Powerful pincers�
�
Bonnethead shark�
100�
Jaws and teeth�
�
Brief squid�
2�
Powerful, beaklike jaws�
�
Eastern oyster�
10�
Sharp shell edges�
�
Horseshoe crab�
10�
Sharp spine�
�
Portuguese man-of-war�
210�
Venomous stingers in tentacles�
�
Northern puffer�
75�
Poisonous internal organs�
�
Northern sea robin�
20�
Spines in fins, toxic eggs�
�
Oyster toadfish�
100�
Venomous spines, powerful jaws�
�
Sandbar shark�
1000�
Speed, powerful jaws�
�
Tiger shark�
2000�
Great speed, powerful jaws�
�



	To maximize your Shark score: (1) avoid injury by keeping away from seriously dangerous prey; (2) with attention to point 1, kill as many large prey as possible.


	An initial decision that will have a large influence on your score is the level of difficulty you choose. On level 1 (beginner), prey items do not try to escape (although they may attack and injure the shark), and attacks need to be only fairly accurate (within 0.6, 1.5, and 2.0 m for small, medium, and large prey). On difficulty level 2, the prey flee and zigzag if the shark attacks and misses, and strikes must occur within half the distances allowed on level 1. On level 3, the shark must come as near to the prey before striking as on level 2, but prey items try to escape before the shark reaches them. It becomes very difficult to kill any but the slowest prey. However, kills on level 2 give the user twice the number of points as on level 1, and level 3 kills award four times the level 1 points. 


	Unless you are familiar with the Shark simulation, it is best to start on level 1.





The Shark Prey





The Shark simulation includes 40 types of prey, including 25 invertebrates, 14 fish, and human swimmers. Some of Shark prey are small and virtually worthless, some are excellent prey for a bonnethead, and some are impossible to kill and dangerous besides. Therefore, the first task of the ambitious Shark player is to learn which prey prey are appropriate and which should be avoided.


	When prey appear on the instrument panel screen, you may access pictures and descriptions of them by double-clicking on their name. You may access the same descriptions from the Shark help dialog. The main menu will also show you a list of the prey you have already killed. Finally, Table 5 lists the important characteristics of all the Shark prey.





Traveling on the Shark Map





To navigate between two points on the map, use the compass to point the shark in the right direction, get the shark's speed up to 1-2 m/sec, and press the 'Time Warp' button (or the T key). This will allow time to pass at 20 times the normal rate. The shark will travel rapidly and the tidal cycle will also speed up. Just as the shark arrives at the desired point, press the 'Time Warp' button again to put the passage of time back to normal. Caution: Don't let a timewarping shark run aground on the shore. Take your shark out of time warp while still well away from shore.


	As you travel, don't use a swimming effort over 50% or fatigue will accumulate. Fatigue reduces your speed. When fatigue reaches 100%, the shark cannot attack prey or swim. Swimming efforts over 50% should only be used for quick bursts of speed, as when you are pursuing prey or trying to break free after running aground.





Dangerous Areas on the Shark Map





If you attempt to swim water that is too shallow, you could run aground. If this happens, reverse your direction and swim hard to get out. If you remain aground for 20 seconds, you will die.


	If you swim too far up the Stono River, you will run into polluted water. Swim south out of the toxic zone within 20 seconds or you will die.


	Finally, do not enter the southern area of the map, labeled "Dangerous Waters." Bonnetheads in "Dangerous Waters" die a horrible death.





Exercise A	Managing a Foraging Shark





As the preceding discussion indicates, even a "primitive" predator, such as a shark, makes many "decisions": where to hunt, which prey to pursue, when to terminate an unsuccessful attack, and when to flee from an enemy. Of course, a shark's "decisions" are not made consciously, but instead, behavior is genetically determined by nearly 200 million years of evolution.


	In this exercise, you will attempt to substitute your knowledge, judgment, and skill for the foraging "rules" that evolution has wired into a shark's simple brain. Using the Shark simulation, you will pilot a bonnethead shark as it searches for prey and flees from its enemies in a complex environment. First, you will learn how to attack prey and will decide what kinds of animals make the best prey for your shark. Then, you will visit at least two of the five habitats shown on the map in Figure 2, and in each habitat, you will kill 10 prey animals. Your objective will be to maximize the energy intake of your shark and to minimize its risk of injury.





Objectives





Practice the Shark simulation long enough to formulate a productive hunting strategy for the simulated bonnethead shark.


Implement your hunting strategy by killing 10 prey in each of two habitats and recording prey killed and injury suffered during your shark's foraging.


Describe your hunting strategy, and use your data to decide whether this strategy was successful.


Describe how sharks hunt prey nonvisually.


List some of the antipredator defenses of the shark's prey.





Procedure





Start the Shark program (instructions for installing and running Shark are found elsewhere).


Select option 2—Play the Shark game—from the "Welcome" window.


Select Plunge right into Shark from the next window.


Select level 1 ("Beginner") as your level of difficulty.


Select the first prey item you wish to attack. Double-click on the prey's name on the screen, look at its picture, and find out how much injury it can inflict to make sure that it isn't too dangerous.


Press the up arrow key several times to begin swimming, and note the speed attained (displayed on the bottom of the screen). Approach the prey at about 1 m/sec, using the left and right arrow keys to turn toward the side with the stronger signal until the signal is equal on both sides.


When your shark gets fairly close to the prey, it will sense the prey's electrical field, and then the thin, solid bars will change to thick, solid bars. Slow down to 0.5 m/sec or less, correct the course if necessary, and make the final approach.


Attack by pressing the spacebar when the electrical field signals have reached a peak and at least one (ideally both) of the electrical signal bars have reached the middle of the screen. If your shark doesn't kill the prey on the first try, keep on swimming for a few seconds, reverse direction by pressing the R key, and try again. When you finally kill the prey, do not write it in Table 4. These prey are for practice only.


In a similar fashion, kill five or six more prey to get more practice. Try to kill different sizes of prey, but don't risk injury.


Decide on a foraging strategy that will maximize the score your shark will receive from killing 20 prey. The strategy should include:


a decision about the two habitats in which your shark will hunt, killing 10 prey items in each habitat;


the difficulty level you will choose;


which kinds of prey your shark will attempt to kill (refer to Table 5); and 


which kinds of prey your shark will avoid, either because they are dangerous or too small to contribute to a large score (refer to Tables 3 and 5).


Keep in mind that after you have killed the last prey item, you will have to explain why you thought your chosen strategy would maximize your score.


Zero out your score and injury by clicking on the Help button and asking for a new game. Select your chosen level of difficulty. If you don't want to hunt in the live bottom first, travel to your intended starting point (see step 15).


Hunt in your first habitat until you have attacked your first prey. If you kill the prey, record its name on the first line of Table 4, put a "Y" in the "Killed" column, record the number of points you received, any injury you received, and update your score in the last column of Table 4.


Any time you were injured by a prey that you did not kill, use a line of Table 4 to record the prey's name along with an "N" in the "Killed" column, and fill out the rest of the line with injury and an updated score. 


Go on to kill your quota of 10 prey in your first habitat, filling out one line for each prey you killed and one line for each prey that injured you. All the lines of Table 4 don't need to be filled out, but you should kill 10 prey in your first habitat.


Once your shark has killed 10 prey in your first habitat, travel to your second chosen habitat. To do this, press the M key and note the current location of your shark and the general compass direction to its intended destination. Return to the instrument panel, use the left and right arrow keys to change the shark's heading to the correct direction, increase the shark's speed to greater than 1 m/sec, and press the T key. This will put the shark in "time warp" and allow it to travel at 20 times the normal rate. Watch the depth carefully, and press the T key again before your shark runs aground at depths of less than 0.2 m.


Repeat steps 12 through 14 until you have killed 10 prey in your second habitat. Be sure and record any prey that injured you and that you did not kill as a separate line in Table 4. 


If you have not played on difficulty level 3 yet, click on the Help button and change the difficulty level to 3. This level is the most realistic because prey attempt to escape before the shark reaches them. Attempt attacks on at least 5 prey, and determine what changes in foraging strategy you would have to make to be a successful player on level 3. There is no need to record these prey in a table.


Complete the Shark Worksheet on p. 12 of this manual.


�
Table 4		Log of Kills and Injury
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Table 5		Prey organisms in Shark





Habitats are coded as follows: S = offshore sandy bottom, L = live bottom and seawall, M = salt marsh, R = river, estuary, and tidal creek, B = surf zone along sandy beach. Speed and injury points shown are the maximum for that organism.





Common Name�
Habitats�
Points�
Max. Speed (cm/sec)�
Injury�
�
Atlantic Cockle�
S, L, B�
200�
15�
—�
�
Atlantic Croaker�
S, L, R�
590�
140�
—�
�
Atlantic Stingray�
S, L, M, R�
2,000�
100�
300�
�
Bay Anchovy�
S, L, R, B�
27�
50�
—�
�
Blue Crab�
S, L, M, R, B�
560�
50�
9�
�
Bonnethead Shark�
S, L, R, B�
12,000�
400�
100�
�
Brief Squid�
R�
275�
150�
2�
�
Brown Shrimp�
L, R�
336�
200�
—�
�
Coquina Clam�
B�
2�
0�
—�
�
Eastern Oyster�
L, R, M�
50�
0�
10�
�
Featherduster Worm�
L�
1�
0�
—�
�
Fiddler Crab�
M�
3�
15�
—�
�
Fragile Barnacle�
L, R, M�
1�
0�
—�
�
Ghost Crab�
B�
24�
20�
—�
�
Gizzard Shad�
R�
440�
120�
—�
�
Hermit Crab�
S, L, M, R, B�
26�
20�
—�
�
Hogchoker�
S, L, R, B�
225�
40�
—�
�
Horseshoe Crab�
S, L, R, B�
1,900�
10�
10�
�
Human Swimmer�
B�
94,500�
100�
—�
�
Killifish�
M, R�
20�
100�
—�
�
Man-of-War�
S, L, B�
225�
0�
210�
�
Marsh Periwinkle�
M�
3�
0�
—�
�
Menhaden�
S, L, R, B�
7�
60�
—�
�
Mole Crab�
B�
15�
20�
—�
�
Moon Snail�
S, B�
87�
5�
—�
�
Mud Crab�
R, M�
65�
20�
—�
�
Northern Puffer�
S, L, B�
420�
75�
75�
�
Northern Sea Robin�
S, L, B�
1,520�
75�
20�
�
Oyster Toadfish�
L, R�
508�
50�
100�
�
Plumed Worm�
R�
16�
0�
—�
�
Ribbed Mussel�
M�
20�
0�
—�
�
Sandbar Shark�
S, L, R, B�
105,000�
800�
1,000�
�
Sand Dollar�
S, B�
3�
2�
—�
�
Sea Star�
L�
145�
5�
—�
�
Sea Whip�
L, R�
3�
0�
—�
�
Snapping Shrimp�
R�
3�
25�
—�
�
Sponge�
L�
20�
0�
—�
�
Striped Mullet�
S, L, R, B�
1,860�
250�
—�
�
Tiger Shark�
S, L�
1,700,000�
1,500�
2,000�
�
Warty Anemone�
L�
33�
0�
—�
�



�
Name ____________________________								Shark Worksheet





Section ___________________________








Answer question 1 and any two of the remaining four questions. Each answer should be about one handwritten page in length. You may not collaborate with your team members as you answer these questions.





a. 	Describe your Shark foraging strategy.





b. 	By the end of the second habitat, an expert Shark player should be able to attain a score of 15,000 on difficulty level 1, a score of 30,000 on level 2, and a score of 60,000 on level 3. Injury should be less than 150. Compared with these standards or with class data, was your foraging strategy successful? Why or why not? How would you change it if you were going to play Shark again?














Now answer any two of these questions





Sharks have been evolving as efficient hunters for three hundred million years. What adaptations make sharks successful hunters? Especially, how do sharks hunt with unerring accuracy (most of the time) without ever seeing their prey?














Predators and prey often "coevolve." That is, as predators evolve as better prey catchers, prey evolve better defenses—otherwise they would disappear entirely. For ten prey organisms in Shark (five fish and five invertebrates), describe their defenses and evaluate how successful these defenses are against bonnethead sharks.














In which of the five Shark habitats (live bottom, offshore sand, sandy beach/surf zone, estuary, and salt marsh) should a shark hunt in order to maximize its score? Justify your choice by describing the characteristics of the habitat that make it the best hunting ground.














Shark is a simplified computer model of a foraging shark and its prey. In what ways is it biologically simpler than the real shark/prey relationship? How do you think these simplifications affect the outcome of the Shark game?
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