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Mathematical Biology

* Ecology and Evolution

» Cell Biology

* Infectious Diseases

* Genomics and Computational Biology
* Neuroscience

* Physiology

» Developmental Biology (Morphogenesis, Cell
Growth and Cellular Differentiation)

o etc



Global Challenges: Complex, Multi-
disciplinary Questions

Human population is swelling toward 10 billion. All
these people need adequate food, clean water, housing,
good health, a secure and pleasant environment. To
stay within the planet’s carrying capacity, we are going
to have to be extraordinarily clever about how we use
the Earth’s resources.

What are the impacts of our actions on the
environment we depend on?

How does the natural world function?
How do we plan for the inevitable changes to come?



Human Well-being and the Natural
Environment

* A basic but challenging need is the ability to
qguantify how well the ecosystems we depend on
are doing, so that we can determine whether
they’'re getting better or worse.

» When we (mathematicians) examine ecosystem
health, how do we define it?



Ecosystem Health and Bio-diversity

O

*  An ecosystem that is more diverse, is more robust
and healthier —and the people who depend on it are
less vulnerable.

Examples:

1. Potato blight of Ireland in 1840s (Irish Potato
Famine). A third of the population depend on 2
species of potato and both were susceptible to the
disease. A million people starved.

2. Rice grassy stunt virus of Asia in 1970s. 6,000 species
of rice and only one withstood the virus. By
hybridizing that type of rice, rice cultivation could be
saved.



Questions

What do we mean by biodiversity?

How do we measure it? A first attempt is to simply
use the number of species. More species imply
greater diversity.

How do you effectively count the number of species,
particularly when comparing different ecosystems in
which species may be easier or harder to find?

How does the length of time you explore an
ecosystem affect the number of species discovered?

How does the number of species discovered in a day
decrease or increase over time?



Mathematical challenges in area of
‘human-well-being and natural environment

» We need clear, mathematically precise criteria to measure
biodiversity that are robust even given the difficulties of
gathering data in sometimes harsh environments.

* We need models of animal migration that take climate
change and other human disruptions into account. Network
theory and others might offer an opportunity for
developing richer models than existing ones.

* We need mathematical models that will describe how
agriculture both affects and is affected by the availability
and quality of fresh water.

* We need improved monitoring methods using statistics,
machine learning and remote sensing to allow us to detect
changes in the environment much more quickly.



Managing Human-Environment
Systems

Example: Fish don’t stop at
international boundaries. They
swim where they will. This
willfulness has created nasty
problems for fishery managers
(disputes between nations, broken "'

agreements and collapse of fisheries). Some of these
problems can be solved by mathematicians.




Mathematical challenges in the area of
managing human-environmental
systems

Management problems often involve finding the
optimal solution to a set of mathematical equations.
For example, we want to know how many fish we can
catch per year to get maximum harvest over the long
run, or how we minimize the spread of invasive species.

Methods for finding the optimal solutions in systems
with large variability are essential to solving these
management problems.



World's Fish Supply Running Out, Researchers Warn

(Journal of Science) by

Washington Post Writer, November 3, 2006

Economists’ and ecologists” warning: No more seafood as of

2048

Based on 4-year study of

« Catch data

» Effects of fisheries collapses
Causes

« Overfishing

» Pollution

« Other Environmental Causes
Loss of Species affects oceans’ ability
« Produce seafood

» Filter nutrients

« Resist the spread of disease
- Store CO,

A Future Without Fish

A new study suggests that overfish-
ing could lead to a catastrophic loss
of marine species as soon as the
middle of the century.

Percentage of species collapsed
(delined as less than 10% left)
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Overfishing Threatens Food Security

O

* Fish: A vital source of protein for billions

* Fish provide roughly 40 per cent of the protein
consumed by nearly two-thirds of the world's
population.

* For example, over a billion people throughout Asia
depend on fish and seafood as their major source of
animal protein. But, fish have moved into the luxury-
style, high-priced food class.

* The United Nations Educational, Scientific and Cultural
Organization (UNESCO) warns that fish, long regarded
as the "poor man's protein", is diminishing globally as a
result of increasing market demand and overfishing.
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GLOBAL TRENDS IN THE STATE OF MARINE
FISHERIES RESOURCES 1974-2004
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Rebuilding Depleted Fish Stocks
(challenging necessity)

« Seven of the top ten marine fish species -- which together
account for about 30 percent of all capture fisheries
production -- are fully exploited or overexploited. This means
that major increases in catches cannot be expected from
them, and serious biological and economic drawbacks are
likely if fishing capacity for these stocks is further increased.

« Regions with fish stocks in greatest need of recovery include
the Northeast Atlantic, the Mediterranean Sea and the
Black Sea, followed by the Northwest Atlantic, the
Southeast Atlantic, the Southeast Pacific and the Southern
Ocean.



Emerging Ocean Diseases

Disease is increasing among most marine
organisms ( )

Examples: Recent epizootics (epidemics
in animals) of Atlantic Ocean bottlenose
dolphins and endangered Florida
manatees.

Contributing Factors include

chuman
cetc

© Sea Pic's.jé,om



Overfishing Implicated in
Sea Urchin Epidemics

» Sea urchin epidemics have risen over the last 30
years, and diseases have
decimated urchin populations in many parts of the
world.

 In the early 1980s, an epidemic killed more than 95
percent of the long-spined sea urchins (Diadema
antillarum) in the Caribbean. After the urchins died,
prevalence of seaweeds increased dramatically;
today, many coral reefs there are dead.

- Biologists have suggested that overfishing urchin
predators such as toadfish (Opsanus sp.) and queen
triggerfish (Balistes vetula) may have played a role in
this epidemic.



O

Fish Population Models

« Stock-recruit relations
have been used in
fisheries modeling and
management since the
1950’s.

« At generation t,

« X(t) = Parents or
spawner stock

» X(t+1) = Offspring or
recruits.

x(t+1

Recruits

)

Stock



Parametric Models

O
Stock-Recruit Relationships

R = recruitment

3. Deriso’s Generalized Model R = aS(1-ByS)™ S = spawner stock
a,B,y = parameters
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Total Allowable Catch (TAC)

Many fisheries are regulated using TAC.

A TAC within a system of individual transferable quotas (ITQs)
is currently used to manage the Alaskan halibut fishery.

The Alaskan halibut is one of the few success stories in the
book on US fisheries management. The TAC did a reasonable
good job of preventing overfishing, but created another set of
problems.

Regulated open access: If TAC is imposed on a fishery where
access to the resource is free or of minimal cost, fishers have
an incentive to “race for the fish,” trying to capture as large a
share of the TAC for themselves before the cumulative harvest
reaches the TAC and the season is ended.

Regulated open access may result in a severely compressed
fishing season where vast amounts of “fishing effort” are
expended in a few day (halibut derby...Prior to 1995...one or
two day season).

- fishers sit idle or re-gear and cause overfishing in other
fisheries.



Periodic Proportion Policy (PPP)

At startof year t
X(t) = estimatedish stock(biomass)
y(t) = total allowable catch(TAC)
y(t) =a(t)x(t) (PPP)
a(t)=G(F (t),m)
F(t) = fishing mortality
m = naturalmortality
UnderPeriodic(rotation)Fishing:
Fishingmortalityis periodicandF(t + p) = F(t).
Therefore
a(t+p)=af(t).




Periodic Proportion Policy

« Under PPP, fishing mortality in a given area is
varied periodically. Typically, the area is closed
for a period of time, then fished, and then
closed again. The openings of the different
areas are timed so that at least one area is
open to fishing each year.

« PPP is actually being used in the management
of the Atlantic sea scallops, corals, sea urchins,
etc.



Pulse Rotation

The area is closed for (p-1) years, then the
area is pulse fished for one year, then
closed again for additional (p-1) years,
then pulse fished again for one year, etc.



Symmetric Rotation

The area is closed for p/2 years (p even)
and then fished at a constant rate for the
next p/2 years.



Constant Proportion Policy (CPP)

* y(t) =ax(t)
« a =G(F, m), where F is constant.

« CPP is transparent, easy to implement and
acceptable to fishers.



Harvested Fish Stock Model

« Escapement

S(t) = x(t) - y(t) = @d—a(t))x(t)

 Model

x(t+1) = 1(S(1)) = (@d-m)S(t) + S(t) 9(S(t))
or

x(t+1) = (1-a(t))x(t)((1-m)+ g(d-a(t))x(1)))



CPP and Asymptotically Constant
Population Dynamics

f(x)=A-a)x(d-m) +g(1-a)x)),

where
9:[0,%) - [0,)
Is astrictly decreasingmoothfunction,
and
a=G(F,m).



CPP & Stock Steady State

m .
andthedynamicss compensatty,
1+g(0)—m y P y

then thesteadystatebiomasss thefixed point

©0

=@zt gy
X X (a)—(l_a)g (1-a) (1-m) |



CPP & Beverton-Holt Model

stock biomass |,
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CPP & Modified Beverton-Holt Model

-
a(l-a)x
1+ B((1-a)x)?

exhibitsthe fold bifurcation.

f(a,x)=0- a)»{(l— m) +

35

stable fixed point

a harvesting 0.3

A. —A. Yakubu, M. Li, J. Conrad and M. L. Zeeman, Mathematical Biosciences, 2011.



CPP & Ricker Model

» Ricker Model:

(£ +1) = (1 a)x(t)(l— e —@- a)x(t)j’

m=0.2(salmon)




CPP & Ricker Model

25

stock size

-

*

*

-
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a harvest 1

0.3

Under Ricker stock recruitment and CPP, the stock size decreases
smoothly to zero with increasing levels of harvesting.

Period-doubling reversals L. Stone, Nature 1993.



CPP & Modified Ricker Model

T

f(a,x) = (1—a)x(1— m+@1-a)xe’ (1‘a)xj exhibits the fold bifurcation.

20

stock size /

a harvest 1

A. —A. Yakubu, M. Li, J. Conrad and M. L. Zeeman, Mathematical Biosciences, 2011.



Periodic Proportion Policy (PPP)

Weassume a k— periodic fishing mortality (F (t +k) =F (1)),
sothat

f(t, %) = L-a)x(@-m)+g((L-a(t)x))
where

a(t+k) =a(t).



PPP & Asymptotically Constant
Dynamics

T :
For each [1{012,...,k1}, let fj(x):(l—a(j))x((l— m)+ g((1-a(j))x))

be anincreasingconcave dwn map uder compesatory dymamics in Q,),
where a(f+ k) = a(j).

Then the ®ck popuhtion under perod-k harveting exhbits a gldoally
asymptotially stabk r-cyclewhere r avides k.

Proof :Use the geeral resit of Elaydi-Sacker (JDEAQS),
a period-kextensiorof the reult of Cishing-Henen (JDEADL).



PPP & Beverton-Holt Model

C

. . o
For each [1{012,...k—1}, let fj(x) =(1- a(J))x[(l— m)+ 1+ A(1- a(j))xj’
where(l-a(}))(1-m+a)>1, >0 and a(+k)=a()).
Then, the stock poplation uncer periodk harvestng exhibis a
globally asymptoticdly stablek-cycle.

30

2-cvcle Pulse Fishing

stock size

a(t+2) = a(t)




PPP & Modified Ricker Model

40

stock size

a(t+2)=a(t) Harvesting
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Alaskan Halibut
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TABLE

Halibut Data

Year X Y E; Year X Y: E,
1975  90.989 10.6 192 1992 190.776 26.782 69.093
1076 80.330 11.044 154848 1093 1RR.782 22.738 5HKR.728
1977 80.484 8641 141639 1994 192548 24.844 T72.776
1978  96.987 10.295 132051 1995 19691 18.342 44.375
1979 106.831 11.335 131.86 1996 209.634 19.696 42.008
1980 116.954 11.966 101.441 1997 219.196 24.628 53.93
1981 129.693 14.225 100211 1998 223.962 25.703 57.317
1982 142,881 13.53  79.529 1999 223,847 25.292 58.192
1983 159.637 14.112 58.620 2000 216.138 19.288 43.634
1984 173.717 19971 37.720 2001 208.928 21.541 46.0556
1985 184.207 20.852 4054 2002 195.243 23.131 45.807
1986 194.695 32.79 66.398 2003 188.546 22.748 46.858
1987 194.991 31.316 65.258 2004 171.794 25.168 52.041
1988 198,127 37.862 7825 2005 143.105 26.033 58.543
1980 103.12 33.734 77.341 2006 12532 25.714 63.921
1990 189.684 28.848 84.873 2007 136.344 26.2  64.024
1991 189.582 22926 75.455 2008 - - -

Pacific Halibut Biomass (x10° pounds) and Harvest (x10° pounds) in Gulf

of Alaska.




Halibut stock biomass (x1 0° pounds)
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Parameter Estimation

Model g(s) Parameters @

1. Beverton-Holt 1 fﬂs a = 04455, 5=3.240 x 10~ 0.1203
2. Ricker ae™® | a=04273, 3=2343 x 107 0.1197
3. Modified Beverton-Holt | 255 a=T4T4x107% B=1180x 107* | 0.1158
4. Modified Ricker ase™ | a=9.504x 107, 3=1.013x 107 | 0.1152
5. Logistic r(l- =) | r=04145 k' =5516 0.1191

TABLE  Parameter estimates for the Logistic, Beverton-Holt and Ricker models fit to
stock () and harvest rate (a) data for the Alaskan halibut Using AIC.



“Fitted” Modified Ricker Model
Vrs Halibut Data

Historical data versus modified Ricker model prediction
240
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Halibut’s Future & Fishing Pressure

Prediction by modified Ricker model

— - —-5=0.1277
— —a=0.16
— +—-a=0.17
3=0,192
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FIGURE 11: Modified Ricker model predictions of halibut stock size (in millions of
pounds) after 2007 at the constant harvest values ¢ = 0.1277, 0.16. 0.17 and a(t) = 0.192.

where a = 0.0102 and 3 = 0.0104 and intial population size z(0) = 2(2007).



Stochastic Model
(Random Environment and Fisheries)

Let {(t)~U(1- 0, 1+ 0) bea" mean-preservingpread"
uniformly distributed randomvariable.
Stochastic Model:

X(t+1) = (L-at))x(@®)([L-m) + 1) g((L- at)x(t)))



Unstructured Populations in
Random Environments

x(t +1) = x(t)G(¢(t), x(t))

where

G({ (1), x(1)) = @-at)@-m+{(t))g(@- atb)x(t)))

* LewintonandCohen(1969)

* Birkhoff ErgodicTheorem

* Chessor{1982),Ellner(1984),Hardinet al (1988)etc
Let y = ExpectedIn G(¢'(1),0).

If y<O0thepopulationgoesextinct wth probability 1.

If >0 thepopulationhasalow probability of reaching
low abundances thelong- term.



Stochastic Halibut Extinctions
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FIGURE 12: Stochastic modified Ricker model predictions of halibut stock size (in
millions of pounds) in 2100 at the constant harvest value a = 0.16, for
0£{0.1,02,0.3 04} where o = 9504 x 107% and 3 = 1.013 x 1072,



Cod Fishery

The Atlantic cod has, for . —
many centuries, sustaine
major fisheries on both iR sl
sides of the Atlantic.

(@) Pecomment @l Prinl

The Burcpean Union's executive body is calling
for sharp cuts in the amount of cod fishermen
can catch next year, peinting to estimates that
the fizh is close to extinetion in zome major
fizhing areas around Burope.

Dificials wamed Friday that only Stesp cateh
cuts wil prevert the disappearance of a species
prized for centuries for it flaky white flesh

The European Commission said racent studies
showed cod catches in some areas are far
autstripping the rate of reproduction. I iz calling
for Up 1o 26 percent euts in some areas.

"W @re not that far away from a stuation of
complete collapse.” s3id Jose Rodriguez,
marine binlogist with the environmental graup
Oceana. He and other environmentalists said
pressure from the fishing industry had kept
quatas at lewels too high to sustain 2 wizble
populations araund Burape, while ek of
enforcement meart illegal fishing made the
problem werse.

However, the North
American fisheries have
now largely collapsed.
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Cod Data From Georges Bank

Year X; i Year X, s

1978 72148  0.18847 1994 21080  0.282701
1979 73793  0.149741 1995 17463  0.199275
1980 74082 0.219200 1996 18057 0.18781
1981 92912 0.176781 1997 22681 0.193574
1982 82323 0.282033 1998 20196  0.189526
1983 59073 0.34528 1999 25776 0.170108
1984 59920 0.206545 2000 23796 0.156601
1985 48789 0.338185 2001 19240 0.281787
1986 70638 0.147236 2002 16495  0.252869
1987 67462  0.19757 2003 12167  0.255417
1988 68702 0.231541 2004 21104 0.081034
1989 61191 0.208597 2005 18871 0.0873972
1990 49599 0.335648 2006 21241 0.0819517
1991 46266 0.295344 2007 22062 0.105181
1992 34877 0.331848 2008 21848 unknown
1993 28827 0.350394 2009 - -

TABLE A3: mntic cod biomass ( in metric tons) and harvest rate in Georges Bank.



Parameter Estimation

Model g(s) Parameters c?x?

1. Beverton-Holt o5 a = 0.3949 and 8 = 2.179 x 10~° 1.00362
2. Ricker e~ a = 0.3940 and 8 = 2.014 x 10~° 1.00360
3. Modified Beverton-Holt | == a = 2860 x 107° and 3 = 1.141 x 107° | 1.06790
4. Modified Ricker ase s a = 3.597 x 107° and 3 = 3.096 x 107° | 1.0594
5. Logistic r(l—=) | r=0.5999 and K = 170014 1.00356
TABLE Parameter estimates for the Logistics, Beverton-Holt and Ricker models fit

to stock (x) and harvest rate (a) data for Georges Bank Cod.




“Fitted” Ricker Model Vrs Cod Data

x 10% Historical data versus Ricker model prediction

Cod stock size (in metric tons)

1980 1985 1990 1995 2000 2005
Year



Cod’s Future & Fishing Pressure

% 10 Prediction by Ricker model
10— : : . - .
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FIGURE .... The Ricker model predictions of cod stock size (in metric tons) after 2007 at
the harvest values a € {0.105, 0.15, 0.19, 0.2106}, where a = 3.94 x 10~! and
3 =2.014 x 107¢ and initial population size z(0) = z(2008).



Stochastic Cod Extinctions

&=0.1 6=0.2
0.08 0.1
> 0067 >
5 5
2 0.04, = 005
g o
* 002} =
0 0
0 50 100 150 0 100 200 300
Stock abundance (in metric tons) Stock abundance (in metric tons)
6=0.23 5=04
0.1 02
015
%) )
: -
= 0.05¢ = 0.1
g L
= “ 005
0 0 ol
0 100 200 300 400 0 200 400 600
Stock abundance (in metric tons) Stock abundance (in metric tons)
FIGURE Stochastic Ricker model predictions of cod stock size (in metric tons) in

2100 at the constant harvest value a = 0.2106, for § € {0.1.0.2, 0.3, 0.4} where
a=394x 10t and 8 =2014 x 10-5.



Halibut and Cod Sustainability

Under high fishing mortality, halibut is vulnerable to
sudden population collapse while cod is vulnerable to
a steady decline to zero.

Under harvesting levels from the last 30 years, CPP
did a reasonable job of preventing collapse of
halibut, but left Atlantic cod at risk of collapse.

Under increased uncertainty, such as more severe
weather extremes as predicted by models of climate
change, fisheries managed by CPP may be more
susceptible to collapse.



Per Capita Growth Rate

(Negative and Positive Density-Dependent Factors)

* Negative density-dependent factors
* Resource depletion due to competition
e Environment modification
* Mutual interference
e Cannibalism, etc
* Positive density-dependent factors
* Predator saturation
* Cooperative predation
* Increased availability of mates

* Conspecific enhancement of reproduction,
etc



Allee Effect

« An Allee effect occurs when the per-capita
growth rate increases at low stock size.

» A strong Allee effect occurs when there is a
positive equilibrium stock size A, the Allee
threshold, such that the per-capita growth rate
is less than one for lower densities (that is,
g(z)<1 for z<A) and is greater than one for some
densities greater than A.



Allee Effect In Harvested Fish Stock
Model

x(t+1 = 1(S(1)) = @-m)S(t) + S(t) g(S(t) 1 (S(1))
or

x(t+1) = (1-a(t))x(t)(A-m) + g(d-a(t))x(1)) ! (1-a(t))x(t))

S. J. Schreiber, Theor. Pop. Biol. 2003



Predator Saturation Induced
Allee Effect

* The Allee effect is known to occur in populations that are
subject to predation by a generalist predator with a
saturating functional response.

e Many fish populations prey on cod larva and juvenile, but
cod adults are so large that they have few predators;
typically sharks only.

* Unlike cod, halibut is close to the top of the food chain of
most marine ecosystems. In the northern Pacific, its
known predators are the orca whale, sea lion and salmon
shark. I{2) = ¢ Fa

Let

he the probability of escapmg predation due to a predator with a saturating functional

response, where the positive constant 1 represents predation mtensity and p > 0 1s the

proportionality constant to the handling time.




Mate Limitation Induced Allee Effect

Another mechanism that can force an Allee effect to
occur in populations is mating limitations.

« A field experiment of Levin et al. reported that 0% of a
small dispersed group of sea urchins Strongylocentrotus
franciscanus were fertilized, while a fertilization rate of
82.2% was found in the center of a large aggregated
group of sea urchins.

Let
A2

1+
he the probability of finding a mate, where the positive constant A 1s the searching efficiency
of each fish.

I(z) =




Double Allee Effects

- Two or more Allee effects are known to occur Iin
fish populations. For example, in cGahdus
Morhuastock populations, indivduals in small-
sized populations experience both reduced
fertilization efficiency and reduced juvenile
survival due to a cultivation effect.

L. Berec, E. Angulo and F. Courchamp, Trends in Ecology and Evolution, 2006



Parameter Estimation

Table 1: Parameter estimates for the Beverton-Holt and Ricker models with and without the induced Allee

effects fit to stock (x)

and harvest rate (a) data for the Alaskan halibut Using AIC.

Model AIC,: Parameters

Beverton-Holt H.:337 a = 0.4455, 5 = 0.0032

Beverton-Holt - P 9.3370  a =0.465, 3 = 0.0033, n = 0.0031, p = 0.0005
Beverton-Holt - M 7.3149 a=1.397, 3 =0.014, A = 0.014

Beverton-Holt - M & P 11.3149 o =1.397, 3 =0.0144, A =0.0143, n =~ 0, p = 0.0148
Ricker 5.330 a=0.4274, 3 = 0.0023

Ricker - P 9.3300 «a =0.4273, 5 = 0.0023, n = 0.00087, ; = 0.0101
Ricker - M 72804 o =6.81, 5=0.0089, A =0.014

Ricker - M & P

112813 a=2.28, g =0.0073, A = 0.0045, n = 0.0053, p = 0.092




Fitted Ricker Model Vrs Data

Ricker model prediciton versus historical data
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FIGURE Best "fit” Ricker Model versus Pacific halibut data.
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Ricker Vrs Modified Ricker

Historical data versus modified Ricker model prediction
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Fitted Ricker Model Predictions

Halibut stock abundance(x10% pounds)
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Table : Estimates of Lyapimov Exponents for a =0.21 and a = 0.24.

i)

() when a=0.21 +(d) when a =0.24

0.1
0.2
0.3
0.4

0.00895
0.00833
0.00727
0.00715

—(.0298
—0.0303
-0.0312
-0.0324

Figure : Ricker model predictions of halibut stock size (in millions of pounds) after 2007 at the constant
harvest values a = 0.1277, 0.192, 0.21 and 0.24, where o = 0.4274 and 3 = 0.0023 and intial population

size 2(0) = 2(2007).
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Sea Scallop

The Atlantic sea scallop resource is healthy and is harvested at
sustainable levels.

Fishing effort has been reduced in order to keep the sea scallop fishery
sustainable.

Areas where scallops can be harvested are rotated to maximize scallop
yields and protect beds of young scallops as they grow.

Scallops are a good low-fat source of protein and are high in selenium
and B vitamins (USDA).

The U.S. sea scallop fishery is extremely important to our economy and
is the largest wild scallop fishery in the world.

In 2009, U.S. fishermen harvested 58 million pounds of sea scallop
meats worth over $382 million.

Massachusetts and New Jersey are responsible for the majority of the
U.S. harvest
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Figure 5: Map of NEFSC sea scallop survey areas (yellow, with stratum boundaries shown) and the closed

or rotational aceess areas (bounded by dark red lines).
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Sea Scallop Data

Greorges Bank AlidAddantic Tatal
Abiwdance Biomass Saewiance Biomass Albnmdanes
Year Ful F 53E  (mihons) | SE (oxmeats) SE | FulF | SE | jyolons)  SE [(infmeats) SE [Full F SE | fpallens) | SE
1975 | 011 002 1148 56 | 20780 1038] 0359 009 501 34 6503 386 | 021 009 1739 65
1976 020 0.04 141% 60 | 4705 (111X 1.00 016 787 33 T931 401 ) 03B Qls  2MS 62
1977 1 033 005 1115 51| 24522 [1058] 0353 | 007 772 30 9933 487 D39 923 1835 G0
1978 | 039 006 1260 51 21973 | 9x0] 105 015 567 21 9620 443 057 03 1827 55
1979 ' 053 008 BETB 40 17822 | 782 107 | 020 364 15 T6TE 354 | 063 044 1242 43
1980 : 04T 008 L1060 43 14970 | 628 ) 035 005 33 16 5365 M7 D44 0¥ 1403 45
1981 ! D62 009 747 34 12579 | 533)] 013 D03 403 18 6754 364|048 044 1151 38

1982 | 083 013 808 33 9305 | 425) 025 004 442 21 T401 386 D38 045 1250 41
1983 | 071 011 573 30 7680 | 393 053 007 4a7 25 GORT 417 | 064 041 1070 i
1984 D42 008 565 34 7364 442) 080 012 336 3l 6052 459 | 038 | 025 1101 45
1985 | 051 00 610 42 TE40 | 328 075 (013 744 40 6346 | 506| 061 03 1354 38

1986 0.8 021 984 G0 8481 | 542] 057 |DQ9 g 47 8704 536 | 072 041 1962 ]
1987 D76 016 1096 fifs SOER | 120 (017 1171 49 9340 383 | D96 043 1267 52
[988  0.833 018 1231 7 1i321 | 6B6| 090 | DIz2 ' 49 10365 | 538 | D86 044 1399 91
1982 | D64 013 1415 gl 13433 ' 736 114 015 1147 42 9852 | 534 | D.B5 | 039 2362 91
1990 | 1.11 |02 1369 T4 12791 [6TE] 096 | Q.11 1018 36 9747 | 418) 1.05 063 2387 82
1991 | 1.53 028 1486 68 | 1072% 1475] LOF | Q10 [LIE] 26 | 2026 | 327) 132 08 2191 73
1902 | 1.72 025 TE3 3f 56 303 .10 | 0.12 468 14 5426 208 147 1.0 1251 43
1903 | 1.19 021 553 32 4868 | 2T0) 026 | 014 Bog 38 3634 | 319 1.05 | 066 1448 41
1904 | D31 007 331 3f 3719 3gd ) 137 | 018 1137 40 8027 360 | OET | 0.1E 1668 53
1995 | 0.16 003 1003 48 9878 553 108 | 011 963 14 BYBS | 361 | 062 0.1 1568 59
I996 033 007 1201 53 0 18406 T2V 074  OO0OB 647 £} Bl57  411| 053 0.18 1845 a2
1597 | 028 0.07 1305 62 20141 | BRS | 047 006 630 44 TASO | 528 035 018 1545 76
1998 | 022 006 1924 82| 27176 1022 053 |0.10 1695 g2 11858 ' 716| 031 0Ol6; 3619 116
1990 054 013 2008 87 | 33163 |1211] 049 o009| 2872 105 | 23689 1043 051 023 4881 137
2000 048 012 3129 9% | 410656 1410 048 008| 3323 112 | 37324 1326| 048 014 6632 145
2001 026 005 3294 93 | 33064 1704 034 007 3766 107 | 45795  1433| 043 Q1L 6L 143
2002 023 005 2B19 &8 2370 [ 19%4] 061 D08 3427 100 | 48798 1449 D41 QE2 6246 133
2003 01T 004 2945 96 69416 224} 068 008 4174 1L | 48736 11397 042 01 112 130
2004 D10 Q02 2ME 96 T4620 2603 OQE7 009 3103 112 | 30029 (1468 038 0.07 6411 147
2005 018 003 2571 103| 73828 1862) OE4 D14 3609 131 | 49027 11728 0371013 6180 167
2006 D38 006 2128 108 62768 3090 033 D06 3BDS 166 | 58405 (2377 D37 023 5933 198
2007 | D25 005 2364 151| 33650 |3472| 053 | 009 3833 209 | GLTE4 (3260 D40 014 6217 258
2008 | 019 | 0047 2769 | 204| 55508 (4234 054 (010 4509 33| 63983 4518 037011 278 1374
2009 | 018|005 3433 204| 62470 |5341] 060 | 013 3903 352 | 67233 [6460| 038 011 446 458

Figure CASA model estimates and standard errors for fully recrmited sea scallop fishing mortality, July 1
abundance 404+mm SH, and July 1 biomass 404 mm SH.



Parameter Estimation

Table Parameter estimates Geroges Bank sea scallop with 4-patch model.
Model 22 AIC Parameters
Beverton-Holt 1.9026 769.7 o = 5.64,5 = 0.0425
Beverton-Holt -M 1.9026 771.7 a=564, 8 =0.0425, A = 1.34 x 10'°
Beverton-Holt -P 1.8643 758.3 a = 326.3, § = 0.318, n = 2.39, u = 0.00052
Beverton-Holt P&M  1.8721 7634 «a=376, 3=0.115 A=1.37, n=1.16, u = 0.00095
Ricker 2.2032 890.7 o= 1.56,5 = 0.00409
Ricker -M 2.2032 892.7 o« = 1.56, 8 = 0.00409, )\ = 1.28 x 10°
Ricker -P 2.2032 8947 o = 1.56, 5 — 0.00409, n — 0.00015, p — 0.00109
Ricker P&M 2.2040 897.0 a=5.5, F=0.0041, A=1.26, 7 =5.93 x 10°%, u = 10.97

Table  Parameter estimates Geroges Bank sea scallop with 6-pateh model.

Model x? AIC  Parameters

Beverton-Holt 1.9026 7T69.7 a=5.64,53=0.0638

Beverton-Holt -M 1.9026 769.7 a=05.64, 5 =0.064, X\ =3.34 x 10°

Beverton-Holt -P 1.8635 758.0 a=2415, §=1.011, 5 =3.659, u = 0.000495
Beverton-Holt P&M 1.873 761.0 a=174.3, 3 =1.339, A = 13.94, n = 0.826, u = 0.0004795

Ricker 2.2032 890.7 a=1.56,3 =0.00613
Ricker -M 22032 892.7 a =156, 8=0.00613, A =1.28 x 10%
Ricker -P 2.2032 894.7 a =1.56, 5 =0.00613, n = 0.000096, p = 0.00077

Ricker P&M — — a=—, B=— A=—, 1=—, 4t =—




Pulse Versus Symmetric Rotations
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Conclusion

- Under harvesting levels from the last 30 years, the CPP did a
reasonable job of preventing the collapse of the halibut, but
left the Atlantic cod at risk of collapse. Using Lyapunov
exponents, we obtain that under increased uncertainty,
such as more severe weather extremes as predicted by
models of global climate change, fisheries managed using
CPP may be more susceptible to collapse.

- At high fishing mortalities, pulse PPP leads to both highest
sea scallop yield and sea scallop steady state biomass.

- At low fishing mortalities, CPP can lead to highest scallop
yield with lowest steady state biomass.
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Data

Table 1. Important specieslanded or raised in the Northeast, their landings, L (utbend mt), ex-vessel revenue, R ( $,
millions), and prices,P ( $ per Ib), 1995-1999

Year L R P L R P L R P L R P L R P

American lobster Sea scallops Blue crab Atlantic salno Goosefish
1995 31.8 215 3.06 8 911 516 56.7 101 0.81 10 56.7 256 25.11 3®.65
1996 325 243 3.39 79 982 564 377 643 0.77 10 46.2 21 23833 0.58
1997 375 272 3.29 6.3 905 656 453 827 083 122 495 1883 235.2 0.56
1998 36.3 255 3.19 5.6 76 619 391 901 105 131 604 2097 2839 0.58
1999 39.7 323 3.69 101 123 5.5 39 80.6 094 122 582 216 2527 0.85
Hard Clam Surf clam Menhadin Squid Loligo Cod
1995 42 421 45 30.1 471 071 345 457 0.06 185 23.8 0.587 1286 0.95
1996 3.2 351 494 288 426 067 283 379 006 125 186 0.683 126.7 0.85
1997 44 445 462 263 389 067 247 338 006 16.2 265 0.743 246 0.86
1998 3.6 412 5.2 245 33 061 249 444 008 192 327 0.7/ 1235 1.04
1999 35 40.7 525 267 341 058 189 332 008 188 322 0.787 239 111



