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Minnesota Zoological Garden
Wentworth Office Center

33 East Wentworth Avenue

West Saint Paul, Minnesota 55118
Telephone (612) 227-9216

February 26, 1976

Tom Foose _
Philadelphia Zoological Garden
34th Str. and Girard Ave.
Philadelphia, Penn. 19104

Dear Tom:

I am pleased that we had the opportunity to meet and discuss the
application of your work with demographic models to the ISIS data base
and to studbook data. I am looking forward to your visit with us in
March. I have discussed the times we've talked about with Don and
Brad, Nate and Dale. We suggest you plan on coming March 10th and
stay one week, if we can get a contract approved in time. If not it
would be the 17th or 24th. Don Bridgwater will be in touch regarding
contract procedures and times.

I am particularly delighted that you feel it would be possible
to develop the initial models and the computer programs for data _
@nalysis for Przewalski's horse and Arabian oryx studbook data prior -
to our meeting in Switzerland in May. As I indicated we would like
to formulate a contract with you to accomplish these and several
other tasks as we discussed them. The contract would be for $1,500.00
with the understanding that your plane fare, room and board would be
paid for by you under this upset 1imit. The projects to be completed
under the terms of our discussion would be first, formulation of the
models, computer programming of the models and their successful appli-
cation to the Przewalski's horse and Arabian oryx data base. The
models would evaluate on the basis of the data available the likely
formation and composition of stable populations under one management
concept and the consequences of a growing population with removal of
animals for implantation in the wild. The latter should include an
indication of the animals to be removed with considerations, of course,
given to biological constraints required for the animals to survive in
the wild. Alternatively it would, I presume, be possible to remove
animals from the captive breeding population and rear them.to an
appropriate age with an initial formation of herds etc. It would also
be of interest to estimate the kind and extend of introduction that
should be accomplished over a period of how many years to reestablish
a wild population, perhaps somewhat in the manner as has been done with
the peregrine falcon population. I will determine what data will be
available on the biology of these animals in the wild or where analogies
might be drawn from some of the available zebra data. T will pass
this on to you. The second task would be to accomplish essentially a
Phase I analysis for the establishment and and application of demographic
analysis to the ISIS data base on a recurring basis. This would include
a specification of any additional data elements needed and the types
of arrangerents of availabl: data elements required to successfully




apply the demographic model. Consideration should also be given
to the format of the output of the system so that it would be
usable both for technical purposes and management purposes by
the appropriate zoo people.

If you have further comments or suggestions to make
concerning the above task, especially to allow more precise
formulation, please do not hesitate to make them. I am delighted
that you have developed and pursued this interest in demography as

applied to captive populations for I think that it will make a tremen- '

dously important contribution in a sorely needed area where each
individual institution has formulated its own ideas without having
the benefit of computer projection using available models to estimate
the consequences of the choices being made.

Best regards and Tooking forward to seeing you again.

Sincerely,

U.S Seaf

U.S. Seal
USS/kh
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February 15, 1976

Dr. U.S. Seal
Veterans Hospital
Minmneapolis, Minnesota
S5L1T

Dear Dr. Seal:

As T believe you kmow from Nate Flesness, with whom I have been
communicating periodically for about a year now, I am very interested
in and have been working om some demographic models for mamagememt of
zoo populatioms. Somewhat belatedly perhaps, this letter is intended to
indicate to you what I have been doing and hopefully to initiate more
formally and completely the collaboratiom I believe I have temtatively
begun with Nate,

Enclosed is a copy of a very preliminary paper on demographic models
that I preseated in December, 1975 to a meeting of ZEST (Zoo East
Survival Trust, the embryomic coasortium being gestated by Broax,
Philadelphia, and Washingtom). It was prepared in haste and perhaps
overambitiously attempts to introduce laymen to some pertinemt fundamentals
of matrix algebra and to desribe in general terms the models I am attempting
to apply to management of zoo populations. Unfortunately, I'm afraid
it does neither job very well. So let me try to restate a bit more
directly, I hope, the kind of demographic methods and results that I think
can be used to develop self-sustaining zoo populations.

Basically, I am attempting to apply models developed by leslie,
(See Refernces on ZEST paper.) These models use three parameters:
Nyt = the number of females (see Lelow) alive in each age group
x to x+l at time %, i.e. the age distribution of the
population.
Px = the probability that a female in age group x to x+l at time
t will be alive in the age group x+L to x+2 at time t+l, i.es
this is the age=specific survival.,
F, = the number of female offspring (1) born to females age
x to x+l during the time interval t to t+l, and (2) suviving
to time t+1, i.e. this is the age-specific fertility.
It is conventional and convenient to let the intervals of age (x) equal
the intervals of time (t)., Also animal demographers usually restrict their

attention to the females, assuming males will take care of themselves.,
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But in zoo situations, males must and can be treated equally as well; just
substitute male for female in the above definitions and what follows and
probably change offspring born to offspring coanceived in the definition of F,.
(There is more on this matter in the ZEST paper.)

The values of these parameters can of course be complied from studbooks
and/or ISIS records. Studbooks provide what demographers would refer to as mom=-coeval
cohort data. ISIS records will provide static data, i.e., survival and fertilities
during a specific time period for each of the age classes entering that time interval,

In the ZEST paper, I distinguish between "potemtial" and "managed" F's and P's.
(By potential F's, I am merely implying that there is no active attempt to preveat
breedings it does not imply that there are none of the myriad passive impediments
to zoo breeding that zoo conditions can present,) The F's and P's compiled from
studbooks and/or ISIS records represemt a mixture of the potential and the managed,
Horeover, even where animals are being allowed to breed more or less at liberty,
it is probably important to distinguish between cases where young are removed,
by necessity or just policy, to be raised by hand and those cases where animals
are raised by their mothers, Being a "maturalist" I would prefer to consider
only those cases where animals raise their own young for the potential values.,
But this may be uarealistic or subjective.

The F's and P's are probabilities, computed inr practice as means, Elemeantary
discussions usually treat the ILeslie models as deteiministicy but, of course they
can be stochasticized,

With any set of F's and P's (potential and/or managed) and the nyt's (i.e.,
the age distribution at some time; the age distribution now is represented by the
nxo‘s), the population size and age distribution in the next unit of time can be
projected. To repeat, both deterministic and stochastic projections are possible.
Mechanically, the projection are generated by forming the F's and P's into a
"projection matrix" and postmultiplying this by the age distribution vector:
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If the F's and P's do mot change, the population size and aze distribution some
r units of time from now is provided by:
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l.T L3 200

projected by a series of matrix multiplications:




No= M Ny e X M o

If the F's and P's will or can be made to stay comstant (as should be possible
with managed M's and P's, especially if they are well below potential limits), the
population will in most cases (See velow) eventually temd to change in size at a
comstant rate and will attain a stable age distribution (i.e., a fixed distributiom
of the relative proportions im each age class), This ultimate, comstant rate of
change and the stable age distribution can be derived directly from the matrix M
of Fts and P's,

With each such matrix M, there will be associated a umique set of numbers,
symbolized by A\ s and termed eigenvalues (also characteristic values, latent roots,
etec.). The number of eignevalues equals the order of the matrix M (i.e., the number
of rows or columas im the matrix)., However, because of the nature of the entries
(Fts, P!'s and O's) in the projection matrices, only ome of these eigenvalues will be
real and positive. This is called the domimant eigenvalue, A\q, and is ia fact the
ultimate, comstant rate of change described above. If A= 1, the populatiom will
not change in sizej if N> 1, the population will ultimately imcrease; if NLL,
the population will ultimately decrease to extinction.

With each eigenvalue, and oxly the dominant ome will be of interest in this
regard, there is associated a unique but infinite set of eigenvectors. FEach
eigenvector has the same number of entries as there are age classes distinguished
in the population. Although there is theoretically an infinite number of such
eigenvectors associated with any dominant eigenvalue of a projection matrix, the
elements in any ome of the eigenvectors are im the same proportions to one another
as are the corresponding entries in any other eigeavector. For example, two
eigenvectors in the set associated with some eigenvalue might be:

10 20
5 10
2 L
Wi 2
The eigemvectors indicate the relative proportions of numbers in each age class
when the stable age distribution is reached.

The speed and smoothness with with a stable age distributiom is attained
depends on the values of the F's and P's as well as on the initial age distribution
of the populatiom., There are some values and combinations of F's and P's that when
applied to certain initial age distributiomns will never eventuate in a stable age
distribution, Other sets of F's, P's and 's will attain the stable condition
only after Severe fluctuations. Such problems can be detected by analyses of the
relative values of the dominant eignevalue versus the other eigenvalues, in relationm
to the initial age distribution, Fluctuations become severe and failure to attainm
stable age distributions becomes significant when the dominant eigenvalue is not
. sufficiently greater than the other values., In general, the larger the dominant
eignevalue, )\, the faster and smoother will be the movement to the stable age
distribution, It also usually helps if the inmitial age distribution is close to
the stable age distribution.

Consequently, if F's and P's stay relatively comstant, it is possible not only
to project the ‘course of population numbers and age distribution but also to




determine if a stable age distribution is possible and if so what it will be.
determine what the ultimate, comstant rate of change will be.

determine how lonmg (how many time intervals) will be required to attain a
stable age distribution.

predict the population size when the stable age distribution will be reached.
predict the fluctuations in population numbers and age distributiom that will
occur betweem mow and the time the stable age distribution is attained.

The ability to gemerate such long-term predictioms is of great value since
short-term trends can be very decptive, Consider an example presented by Poole
(See References in ZEST paper.):

s —
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Hence mortality is very high in the early age classes; the population begins with

20 individuals in the third age group., The dominant eigenvalue of the matrix is
approximately 0,9, so the population is doomed to eventual extinctioa. However,
beginning with Ny, the population will change im total size as indicated by the graph
below,
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Evea though the population is doomed to extinction, it increases to very high levels
(over 275), persists for o-er 20 time imtervals, and does not even decline below
its initial size of 20 until 17 time intervals later.

This might be an appropriate point to corment on the note by Dick Thorington
concerning definitiom of self-sustaining populations in a letter to John Perry dated
Jan. 13, 1976, I just reccived a copy of this note yesterday through Wayne King so
I have not had time to analyze it thoroughly, Iy initial reactiom is that it is
somewhat too simplistic and susceptible to miscaleulations deriving from age




distribution problems such as the last example illustrates.

Bzyord predicting how population size and age distribution will change from
some initial state subject to some set of F's and P!'s, the Ieslie models also
demonstrate how to alter the F's and P's and/or the age distributiom to produce
and maintain some stable (if an imcrease or decrease is desired) or ultimately
statiomary population,

A stationary population is one in which the age distribution is stable and
the population size is comstamt. The criteria for a matrix of F's and P's to
characterize a stationary populatiom is that the dominant eigenvalue,}\ s be
equal to 1. A stationmary population is in my opiniom the ultimate mamiTestation
of a M"self-sustaining" population,

The ultimate projection matrix for a statiomary populatiom must haveA- = 1.
But usually, there will be more tham one set of F's and P's within the 1imi%s

set by their potential or initial values for each species that will produce a
matrix withAq = 1. So there will be some latitutde in selection of the stationary
matrix to be ultimately applied as the management plan,

Conversion of am imtial matrix into a stationary matrix will involve alteration
of either or both of the F's and P's, In most case, the coaversion could
probably be accomplished by manipulating the F's alome, This would have public
relations and emotional appeal because it would not involve killing any animals,
However, it is demographically sounder to depend oa management of both F'!'s and Pls,

Amomg the reasons arguing for management of P's: 1) There will be genetic/
phenotypic defectives and by always having a quota to remove in each age class
(or at least those where defectives are most likely to become evident), such
defectives can be removed without disrupting the age structure of the populationr,.
2) The F's and Pts are only probabilities. It may be expected that only 20% of
some age class will expire in a certain interval of time. But, by chance, 30%
might die., If the stationary management matrix is predicated on the 20% figure,
the population would be seriously disrupted by the additional 103 mortality.
However, if the managed P for that age class specified a L0% mortality or culling,
then the additional 10% natural mortality would merely mean less culling would have
to be done,

To reiterate, public relations and emotions will militate strongly for
a minimm amount of lethal culling, at least in the immediate future,and it
probably will be possible in most cases to develop and apply the models largely by
manipulating the F's,

And it is very desirable for demographic reasoms to manage the F's well
below the potential values. When operational, the manzgement models would specify
the mumber of offspring that should be produced by animals of each age class in
each interval of time, Presumably the individual from each age class to be bred
would be selected from all those available by some set of genetic criteria and a
biopolitical priority system. But a selected individual may fail to reproduce
as expected. Another animal may have to be substituted. If the management model
depends on all animals reproducing at the expected maximum (as Conway's theoretical
model for Pere David's deer does), there can be problems.

This possible problem reveals another reasom for imposing considerable culling
as part of the management plea, By the time it is determined that an individual




selected for breeding is not going to reproduce as expected, it may be too

late to mobilize the substitute in that time interval, again causing disruptions
to the population, However, if culling is heavy in the first or several early
age classes, an effective "excess" of young can be produced to insure against
unexpected reproductive failures.

The major problem is how to get from the age distribution, population size,
and schedule of F!s and P's existing now (i.e., initially) to a stationrary
population of some desired size, i.e. K the carrying capacity of zoos (to be
determined by some set of gemetic, logistic, etc. criteria),

If the initial population is well below K and the initial F's and Pts are
such that the dominant eigenvalue is high and hence a stable age distribution
and rapid rate of increase can be attained quickly, Leslie has presented a
systematic model for comverting the original population and its projectiom matrix
into a stationary population and matrix at some K,

If the imitial population is already large (near, at, or above K), but there
is a good representation in all the age classes, the stationary population might
be created in two ways. Withim the limits of the initial or poteatial F's and P's,
one or more stationary matrices (i.e.,)\l = 1) could be constructed., Each such
matrix will generate am associated stationary age distribution eigenvector.

Them, it might be possible to create one or more of these statiocnary age distributioas
at some desired population size by immediate culling from the existing age
distribution. Once such a statiomary age distribution is created, application of
the stationary matrix as the management model will maintain the population in the
stationary condition,

As a second alternative, the statiomary matrix could be applied directly —
as a management plan to the existing population and the conversion of the population
to stationary status would then occur over several intervals of time, This might
be the preferable alternat've, especially if the statiomary matrix is predicated
mostly on contraception (management of F!s) rather than killing (management of P's).
(Of course as long as the management model is being; applied to some subset of
zoodom, such as U.S, z0oos or if there is the possibility of returning animals to
the wild, culling does not necessarily mean killing. However, frequeatly or
ultimately, it probably will.,)

As an example of conveérting an imitial, nonstationary population to stationary
status, consider the approximately stationary matrix (\; = .996) of managed
T's and P's from Conway's theoretical model for Pere David's deer. (See pages
22 and 23 of the ZEST paper.). The matrix and its associated stationary eigenvector
are: — — i i
0 .38 .38 .38 .38 5

1 0 0 0 0
80 0
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Suppose the initial population is:| 26
1
10 Total = 61
L
7

S —

(This incidentally is the total numbers of both sexes in each age class in Comway's
1978 projectionr for Pere David's, but all animals are being comsidered females
for purposes of this example.)

If a total population of 18 females can comstitute the desired K in this case;
then a stationary population could be attained immediately by culling to reduce
the population to:|{ 5

5

L Total = 18
3
L-.-l-*‘
Note that another possible statiomary population for this matrix would be:
10 ]
10
Total = 36

However, this age distribution could not quite be created from the imitial one
above because there are not enough females (onmly L) in the fourth age class,

Oace the stationary age distributiom of 18 females as presented above
is created, the population size and age distribution can be kept constant
by applying the statiomary matrix as the management policy.

Alternatively, if a population of about 60 females could or would better

constitute K, then the statiomary matrix could be applied over successive intervals
of time to the initial age distribution with the following results:
.. — — = P 3 . =2l =
0 38 .38 .38 .38 26 13 17
TR 0 0 0 1 26 13

.80 0 0 10 2L

0




17
17 18
11 ‘ i
16 10

| 2 L_ 2 —

- 13 [ =P
Ny = ¥N, NL ;Lv Ny = 1N,

Total = 6L Total = 62 Total 62 Total = 62

By time interval 6, the age distributiom has pretty well settled down to the
stationary distribution. Ng is proportional to: g.og
o9
1,18
3.03
1.03
Total numbers stay fairly constaat throuzh the six time intervals.

Other situations of imitial age distributions, population sizes, and sets
of F s and P s may require some more playing around on the computer to determine
the best course from initial to stationary conditionms.

In any case, the models will produce bottom-line sets of recommendations
about how many animals to retain or remove in each of the age classes and
how many offspring should be produced by amimals in each of the age classes to
create or maintain some stable or stationary population.

The ability to project future pop 1 bion sizes and age distributions as
well as to establish criteria for att g and maintaining stable or stationary
populations removes, I believe, any theoretmcal difficulty of defining a
"self-sustaining population."

To recapitulate, a general algorithm for application of these demographic
models is:
1. Determine the F's, P's and n's (i.e., the initial age distributiom) for
the population.
2+ Project how the population will change from now until at least the next
unit of time.

the F's and P!'s remaia comstant

Project population changes further in time,
Compute the eigezva_ucs of the projection matrix; from the dominant
eigenvalue,)\l, etermine if population will ultimately increae, stay
constant, or decrease to extinction,
Determine the stable age distribution if it exists and compare it with
the present age dﬂ"trlon ion,

6, Determine bw¢sood and at what population size the population would attain

TR e

a stable age distribution,




Decide upon K.

Within limits of potential or imitial values of the F's and P's, construct
the one or more projection matrices whose dominant eigenvalue,}‘1,-is 1.
Determine the stationary age distribution eignevectors associated with
each of these matrices.

Devise how to get from the preseat or initial populatioa size and age
distribution to the statiomary age distribution at K, in some desirable
and possible way. (For example, we might want to minimize culling or to
produce one of the stationary age distributioms that for some reason is
more attractive than other possible ones.)

I am still in the throes of trying to collect age-specific suvival and
fertility data for several species, and to compose a computer program for the models.
Obviously, I am behind the schedule proposed in the ZEST paper., Part of the
problem has beem the difficulty in obtaining data (e.g. the Siberian tiger
studbook) for the species I had originally selected for treatment on criteria
other than having the data in hand (probably a mistake).

However, most of the sluggishmess in my progress is due to my other major
cormittment. OCurrently, I am conducting my Ph,D, research under Honte Lloyd out
of the U, of Chicago. This research is attempting to compare how wild species
of ruminants versus nonruminamts extract various nutrients from hays varying in
chemcial composition (most importanly fiber content) to test some hypotheses
relating to the ecological strategies and evolutionary histories of gastric
versus cecal digester ungulates. Under separate cover I am sending you a copy of
my N.S.F. proposal (now finally funded) for this research. Included will be my C.V.

By mecessity I spend a lot of my time shovelling shit, grinding hay, etc.
Winter is my busiest season because animals are inside and hence more manageable
much of the time and there is not the complication of public feeding. As a
consequence of this other research, my progress on the demographic model work
has been slower than I would like, especially since in my opiniom the problem
of developing viable captive populations is more interesting and important
than the necessarily rather academic research I'm doing for my degree., However,
my professor sympathizes with my situation and aprears willing to allow me to
work as rmuch as I want or need on the models, In any case, I hope to have all
my rutritional data collected by December of this year at the latest.

I would hope that I might be able to work with you, Nate, and others at
ISIS in development of your overall management models for captive populations.
As indicated in the ZEST paper, Nate and I have discussed the possibility of
collaborating, dividing labor between us along genetic and demographic lines.
To a large extent, I think the demographic and genetic compomerts of an overall
model can be developed independently and then applied sequentially. The
demographic model will indicate the numbers and ages of animals to be retained
or removed in the population and will specify the number of offspring to
be produced by each age class. The genétic model will then identify the best
of the several possible individuals in each class fhat should be selected for
retention, removal, or reproduction,

If you are amenable to such collaboration, I would further be interested
in the possibilities for post-doc or real job opportunities with ISIS sometime
in the near future, i.e. in the fall or winter when I will be completing data
collection for my nutritional research. Nate and I were discussing this prospect
when I called him the other day and he may have mentioned it to you.




My long-term professional aspirations are to work with zoos, especially
in the area of developing and implememting masterplans for preserving species
in captivity. I do also enjoy everyday curatorial work, when it involves
animals, Comsequently, I might be particularly interested in some sorb of joint
position both working on the demographic models with ISIS and serving in
a curatorial capacity at MZG. I know both Don Bridgewater and Brad House and
have been irtending to comtact them about job possibilities in the near future.

I do expect to be at the AAAS meeting on zoos and conservation on lMonday,
Feb. 23, Perhaps we can discuss models, jobs, etc. further there.

Sincerely,

oo

Woma. {22

Thomas J. Foose




TeJe Foose
FPhiladelphia Zoo
Dece. 19, 1975

DEMOGRAPHIC MODELS FOR MANAGEMENT OF Z0O POPULATIONS

Intrecduction:

At tae first meeting of ZEST im Philadelphia, August 15, 1975, I indicated my
interest in and intention of attempting to develop models for management of captive
. populations of various species. A brief statement about the conceptual nature of
:Df,suéﬁ modéls was distributed at that time, (Foose; 1975) During the ZEST meeting,
such mndels.were discussed, in specific reference to several species, notably

Siberian tigers (Panthera tigris altaica) and pigmy hippos (Choeropsis liberiensis).

1t was decided that I should proceed with development of some models, and when
operational apply them to the particular pfoblem of managing Siberiam tigers in
captivity in general and the ZEST zoos in particular,

This.paperlisfé progress report on what I have been able and unable to do

since the August meeting toward developing an operational version of my model.

Genetic and Demograrhic Nature of Corplete Management Models:

¥odels for management of populations in captivity on a long-term basigs will
need to consist of both demographic and gemetic components. The basic problen is

to produce and/or perpetuate self-sustaining populations-of some determined size.-

o +-"The size of the population to be maintained will have to be based om logistic,

comservation, genetic and demogrephic criterizyg although in general the demographic
models will bhe abie'to accomodate almost ary size determ ned by the other criteria.

As Perry ind Kibbee (1575) discuss, the carrying c2pacity of zoos is painfully
finite., Only so many amimals of whatever species can be accomodated. The idemtity
and numbars of each species maintained should be determined by the s£atus of a species
(relative to the status of other species) in the wild as well as by the ecolozical

characteristics of the particular species (e.z. solitary versus social species).




Cenetic considerations will probably argue.for as large a population of any species
as possible to maintain maximum genetic variability and heterozygosity. Genetic
drift (loss of genes due to samplimg errors) and inbreeding are both functions of
population size and can becoke significant in populations of 100 or less.

Whatever the size of the population, it will consist of 2 number of individuals
differing in age (i.e., the population has an age distribution or age structure),
sex (i.e., the population has a sex ratio), and gemotype (i.e., the population
has a genetic compostiom). Some of these individuals can and may reproduce, but
individuals will possess differeat reproductive patterns or potentials (i.e.,
fertilities or potencies) depending on age, sex, and geadtype.

The demographic components of amy management model must specify the number%,
ages, and in part sexes (sex ratio may be largely determined by gendiice criteria)

S

of the individuals to be maintained (or complementarily removed) from the

population, It must also indicate the mumber of progeny that shoﬁldfbe produced in

any- interval of time (for example, a year), amd also indicate the number,ages

and sexes of the individudls that are to be bred to produce tress offspring,

The .genmetic components of a management model st specify which of the
nsually ‘several amimals of the same age or sex but different genotypes, are to pe
malntaﬂned removed, ox bred, ;\

To an extent, the demographic and gentic componeats of a mamagement model

can.operzte independently. The demographic component provides general directioms

for management ir terms of numbers, ages, and sexes. The genetic compdnents refine

the demographic¢ criteria by specifyinz the achxﬂ.nndlv1duhlo to be maaipulsted by
management. So usually, the demographic and genétlc conponents could be applied
in sequence to a problen,

However, there are isportant areas of cverlap and interaction betwezn the

demographic and geretic componentss The age-specific survival and fertility




may vary significantly with genotype so that a realistic demographic model has
to be semsitive to gemetic differences among individuals, Thls conceptually and
technically is net too difficult as will be discussed again laters
Other gendiic criteriz of a management model can have direct coasequences on
the demographic componert, For example, whem trying to reduce the geatic hazards
of loss of heterozygosity or diminmution of genetic variability'throuéh inbrzeding or -
genetic drift, it is helpful to extend generation time as much as possible by
postponing reproduction ia individuals uatil older ages, The demographic componeat
smust reveal how much postponement is possible without dooming the pbpulation to
extinction by memopause, o I{k\
Moreover, as indicated earlier the problem of sex ratio is determined.by both
genetic and demographic criteria, Inbreeding and genetic drift both increase as

0 ation size decreases. However, the po ation size of relevoace is mot merel
¥ C i

the body count of a species ir the collectior, but is rather the effective population

size that is definmed to depemd on the number of males and females actually

participating in reﬁroduction as well as on the variance in family size (i.e., mumber
of progeny) per individual, Flesmess (1975) has presenied a very informative .
graph of the relation among effective population size, sex ratlo, ard %arianca in
family size.

As an example of the sigmificance of these effetts, comsider the relation
-betweén effective population size and sex ration (disregarding zny variation in

the size of families of imdividuals):

LN XN effective population size

aumber of males participating ia
reproduction.

number of females participating in
reproducticn,




Although the total cemsus of Siberian tigers in the ZEST zoos is 5/10 or a total of
15, only 2/3 are breeding sa. the effective population size is L.8 (i.e. a little less
thar five, the , being a real decimal point and not a symbol to separate counts of
maies and females).' For pigmy hippos, the toal cemsus in the 7EST zoos is /12 or
" a total of 15, but only 3/6 have been breeding so the effective population size is
currently Li.5.

Naturally, behavioral criteria may 2lso be relevant im determining sex ratios.
Comway (197L) for example discovered that a social structure of at least 1/5 kas

been requisite for effective reproduction of Przewalski horses (Equus przewalskii)

in captivity. Still, gemetically it is probably better to equalize sex ratios 2s
nearly as possible. In this case, both the genetic and behaviorai conditions
for success could be satisfied by maintaining a humber of males that could be
rotate& to herds of females, ;

Iar;oacl@sion, with the realization of and communication about such areas of

overlap, the demographic and genmetic components of management models can be

developed largely independently. Just such 2 division -of labor has been arranzed

between myself and N. Flesmess who is a graduate student working with Dr, ﬁ.S. Seal

at I.S5.1.S. and the U, of Mimnesota, Conseqﬁeatly, my work and further corments
in this paper will be largely limited to demographic components of management nodels,
For an excelleat discussiom of the gemetic components, refer to Flesness (1975)«

As a final remark about the pverzil nature of management models, it should be
realized the models themselves are net really species-specific but rather general and
therefore appiicaSIe to any species for which the required data‘éré:#vailable.
Therefore, there is really no such beast as a Siterian tiger model in the work that I
am doing. The models I am developing will be applicable to gorillas, pigmy hippos,
Cuban crocodiles, or Andean flamingos as well as to Siberiar tigers, However, tle

only data T have been attempting 1o compile so far is for Siberian tigers,




Prozress in Development of a General Demographic }Model:

Conceptually, my demographic model is more or less construcied. It is adapted
from models developed by Lewis (1942), Leslie (195h4, 1948)3 Darwin & Williams (196L),
Iefkovitch (1965), and Beddington (1973, 1975). -Somewhat similar models have been

developed in relation to sandhill (Crus canadensis) and whooping (Grus americana)

crames., (Miller & Potkim, 197L; Miller et.al., 1972, 197L)

Computationally, the model is not yet operational because manipulation of the
model and the data is too cumbersome to do without the assistamce of a computex.
A computer program is absolutely essential to permit rapid and accurate applicatioa
of the model to many or even to a single species, Conway (1974) has presented

what i3 presumably a pencil and paper model for Pere David deer (Elophurus davidianus).

However, when there are many age tlasses with wariable:;schedules of age-specific |

survival and fertility and where many species, individuals, or zoos™are to be involved,

computerized models will virtually essential, . |
Mach of the delay in development of an operational version of my model is due

to, what is for me, the difficult process of writing the mandatory computer progran,

I kave made considerable progress with the program, assisted by the recent discotery"

of a program developed independently by J.R. Beddimgton (1973) for a very similar

model inm relation to oﬁtimal cropping of red deer (Cervus elaphus) in Scotlazd,

Hopefully, my program will be ready for the computer im Jamuary, I Wl?z.l appjy for

at least limited access to the I.S5.I1.5. computer facilities, However, it would be
helpful to have some computer facilities in Philadelphia and I am now explorins

possibilities for obtaining some computer tine there,

Description of the Demosraphic Hod=ls Matrix Algebra Backeround:

Although my model is not yet operational and hence I do not have a bottom-line

set of results to repor’, I think it is appropriate for me to describe briefly and,




I hope, simply the structure of the model and how it will operate,

The model employs the methods of matrix algebra, Matrix algebra provides
a conmvenient system for compiling, storing, and manipulating large amounts of
data. Moreover, some theoretical results of matrix algebra more or less sdlves
the basic demographic¢ problems of a management model, A gooed introduction to

matrix algebra for biologists is provided by Searle (1966).

A matrix is simply a rectangular or square array of items, im our case

numbers, arranged into rows and columns, The location of a number im the armay

has significamce, For example, a matrix could be used to represent the aumber

;fof Indian rhinos in prereproductive, reproductive and post-reproductive years
at the ﬁhree ZEST z00S,

Pre-reproductive Reproductive Poét-reproductive

Fronx 1 w2 6/0 o0 |

Natioul - 0/0 1/1 0/0

Phila. \ - 0/0 1/1 o/t

-—
In no;ﬁal,nbtation, the matrix-appears as an array of numbers inside brackets:
“Afe.  0f0
o/o 1/1
o/o0 1/1

In sophisticated printings, it is conventicnal to deroted a matrix by a letter, usually

—

capitalized if the matrix has more than one row and column, in boldfaced fypm.
Since I don't have a boldfaced facility on my typewriter, I will use underlined lettiers

to denote matrices,




In general terms, entries in a matrix are denmoted by small case letiers with

two subscripts, e.gz. i3

the entry is located, ¥ne rhinc matrix above in gemeral terms would be:

, where i indicates the row and j the column in which

2 ) s
s = R T S
1‘2 ,1 I.'z’ > 1‘2’3
¥l T2 T3,3 |

So, ,1 ='1/2 in the original rhino matrix.

Tre rhimo matrix has 3 rows and 3 coluwms and is calle_d a 3 X 3 square matrix or
a square mabtrix of oz-d_er 3. In general, a matrix will have m rows and n columms aad
- be termed an m X » matrix; in gensral, a square matrix will have a rows and » columns
aﬁd be termed za n X »n matrix or a square matrix of order n.
A matrix with only ome columa bub any mumber of rows is called a colu:ﬁ vector.
Column vectors are us-ually denoted by smaIl case letters. Colum vectors are
used to ;e};;resent the age structure of a pépulation, For example, the age structure

| of female registered Siberian tigers in the U.S. as of Jamuary 1, 1975 (Junes, 1975)

can be represented by a column vector having 17 rows.

e -
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where R denotes the number of females who are between the age of x

and x+L at some time t3 mot means the number of females between the ages
of O and 1 at time t (in this case Jam, 1, 1975)s . 7 2%%
A1 X1matrix, i.e. a single number or symbol (e.ge 5 or x), is called a scalar,
A1l the ratrices used im the model will be square, colium vectors, or scalars.
The aritkhmetic operations of additiom, subtraction, and multiplicationm can
be performed with matrices. Two matrices cas be added or subtracted only if
they have the same number of rows and columss, For example, consider, a matrix
represnting the births of mammals, birds, and reptiles at three imagimary zoos
for 197h and 1975.
' _Zoe X Zoo Y Zoo E_
Yammals ‘ 25 76 33
30 L5 10
15 16 17

.

.Zoo X Zoo Y Zoo Z

- —

Mamnals 35 8l 37

Birds 25 50 15
. Reptiles 11 13 29

—

Thea the total for the two years can be determined by adding the mabtrices emtry by
25 76 33 35 8k 37 25435 7648k - 33437
30 45 10 25 50 15 30425 L5#50 10418

15 16 17 Lil i3 29 I5¥11  16+13 17429

entry: - — =

—

e




-
e

60 160 70

% ¥ 2
26 29 L6

e,

The differemce between the twe years could be found by subtracting ome matrix from
the other, again entry by entry.
Matrix miltiplication is a bit more complicated. Easiest is the multiplication

of an entire matrix by a scalar, esg. ¢ = some constant number,

211 212 213 cayy cajp  ©aj3

tR = ¢ |35 2y ap GAZ1L wep2 S3

331 8.32 8.33 { 65.31 ca32 0333

As a aumerical example, suppose there was a matrix of the number of femele tigers

in pre-reproductive, reproductive, amd post-reproductive stages at three imaginary

-

Boos:

Pre-reproductive Reproductive Pc;st-reproductive

e o ]

Z66 X s b . 2
Zoo, ¥ 6 8 0 = o rore.
Zoo Z 10 L 2 '

3

Then suppose a tiger plague descended om all three zoos amd killed 2 of all *igers

im each age category im each zoo, In matrix terms:
6 L 2}

—

3
Zatter = 2 Mefore = 2| 6 8 O} = I3

. \ . . 0 2
10 L4 L..5

A
The next easiest rule for multiplication is for postmultiplication of a square matrix
b_y a cq}Lumn vector., For this operation  to be possible the matrix rmust have the

same npurber of columas gs the columr vector has-.rows For example,




— b
p— TN

213 b1 a11b17 * 2307 * 213933
d9q b21 ay1b1y * agobpy * ap3b3y

a3y a3 | bsy agyb1] + ajpbpy * azgbyy

—

k S c 3

As a2 numerical example, consider the same matrix of tigers as b\efore, but a different
plague that affects the different age categories umequally, killing % in the pre-
reproductive years, mose ia the. repz:_adubtive agesy and aJ.'.L oi‘ the amimals 1n :
post-reproductive years., The ei'fec;‘t of .the plague on thQ‘ tc’(;al aurmbers in each zo0 is:

== — = = . ; o

6 L 34440 ] 7

2
6 & 0 2 3+8+0 i i 2
3

0 L S+l +0 .9

] —— p—

Thefore 3 %fter

p—

Here s is a colwm vector of the percentage survival of the -plagué.

Two square matrices cam be multiplied A X B = C, as long as they are of the
same order (i.e. have the same nwﬁber of rows and colums), The result is amothsr
ma.tr:ix of the same order, The operation of actually determining the prf.aduct is
a little c_ompliqated but is analagous to the last rule for post-nultilying a
square matrix by a cloum vector,

| ”ﬁxere is one last fundamertal of matrix algebra that must be introduced
before the actual demographic model can be des_cribed. This is the determinant,
With every sqare matrix A, there is associated a unique determinant denoted by
] f:‘ « The determinant operation comverts a sqaure mabtrix into a polynmomial of

its elements. For example consider a 2 X 2 matrix containing am waknowm x as




well as numbers:

hx 9
A -
3% 7
The determimant of A is
bx  9x >
]é [ = = 28x = 27x
3% 1 Y
In geneﬁl, the determimant of a sgaure matrix of order n (i.e., having » rows and n
columes) will be a polynomizl whose highest power is r. For example, the determimant
of a 5 X 5 matrix containing one unknowa X will be a polynomial of the form:
chs * chxl‘ * ::313 + c212 X % Co
where the e¢'s represent numbers.

Determinants can them be part of algebraic equations. For example, for the matrix above

I£~|'= 0 = 28x-272 s '

Evaluatioa of deteiminants of matrices larger than 5§ X S_becom'es virtually

impossi.ble without the aid of a computer.

The Demographic Mocel:

.- Basically, the demographic model uses data om age-specific survival (i.e.,
the probabhility that an amimal of age x at some time t will survive to age x+1 at
time t.+1,_where both ages and times are measured in the same unitsy; e.g. months or
years) and aga—s:pecific fertility (the average mumber of progeay expected from an
animal from age x to age x+1) to project changzes in population size and age distributicr
over time, More importantly, the model will direct how management should change
the age-specific survival (by culling) and age-spzcific febtility (by permitting or
preverting reproduction) so as to produce desired chanzes (iacreases, decreases or

coustancy) in population size aad aze distribution.




At .ny point in time, a populatiom cam be represemted as a columan vector whese
entries are the numbers of amimals im each 0f the several established age classes, e.Z.
the age distribution vector for female Siberian tigere im U.S. as of Jan. 1, 1975
preéanted earlier on the bottom of page 7« It is conventional and convenmient for
demographic models to treat females separately from males, either as if they were
separate species or more often as if only the females were significamt and the
males could be ignored because there is always a surplus of them aayway in terms
the mumbers needed to impreznate all females, If treated separately but equally,
the demographic model cam be constructed for a single sex and then applied to
males and females as if they were separate species. For example, if an even sex
-fafiof-ié to be maintained, then ome-half of the carrying capacity for the species
e4n be allocated to each sex and the demographic model applied. Simple sumation
of results will then reintegrate the two sexss as a single species, It is a bit more
complicated to treatsboth sexes in the same model., I am attempting the models both
Ways. ’

From the imitial populatiom state described by the colwm vector of age classés,'

future states of the population can be projected by using the two parameters of the

demographic model:

P, = age-specific survival = the probability that a female (or male) of age
x at tirne t will survive to be age x+1L at time
t+1. (Again x and t are measured in equal wnits.)

F, = age-specific fertility = the average mumber of females (or males) that
. is expected to be produced from time t to time
t+1 by a female (or male) of age x to.age x+1l.
(Note for males, the age at imsemination rather
the age at partuition is critical.)
Thus Pi equals the probabilty that am aaimal will survive from age 1 until agé 2
during an interval of time from £=0 to t=1j Py is the average number of progeny

pxpécted tp be produced by any animal age 1 to age 2 during cme pericd of tine,




The Py's and F.'s can be arranged ialo a natrix, conveatiopally denoted by the letter

5 , | :
Fo B L R
o 0 0 0

0. B ewn B 0

['..-...U..-l..."&lw‘.' a8

L_? 0 one Pﬁpl 0__. " .
The size and age distribution of the populatior at time %%l (i.e., ome unit of
time from mow) cam be gotten by post multiplying the matrix M by the column vector

representing the age distributiom at time =0 (now) .
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Where, as before, ®,, derotes the mumber of animzls in the age class 1 to 2 at t=

Products like PO%}O repfesen‘b the mumber of animals in the age group 0 to 1
at time 6 -multiplied by the probability of surviving from 0 to 1 to produce

the number that will be age 1 to 2 al time t=1.




The sum of products Foroo*eeetFytmo 1s the sum of the numbers in each age
c¢lass multiplied by the average number of offspring animals of that age are expecte
to produce in an interval of time, so it eqﬁals the number of newborns at

time t=1

As a pumerical example, corsider a population with five age classes with the

following schedule of age-specific survival and fertility.

Pb = P

Y P2;= P3 =3 i.€ey watil the age of L ome<half of all the animals
- die before they reach the next age; all remaining ani
B, =0 die between the age of L and 5, . Y

: : _ - X 5 -
Fo=0; ) =0, Fy = i) F3 =3, F), = 0. i.ei,:aninals do not repreduce uatil
' they are between the ages of 2 and 3,
then on the average an animal between the
ages of 2 and 3 produces I young and an
animal between the ages of 3 and |} produce
3 youxgs animals older than ) are sterile.

If the popﬁiation'at some time ©=0 has the following age ﬁistribution;
._10

10
10
10

L_lo
after one weit of time has passed, i.e, at time t=1, the population will have changed to

e e S—

0 o 0] [ (0)(10)+(0)(10)+(:) (10)+(3) (10)+(0) (10)]
0 | 10 (3)(10)

o o 10 | (2)(10)
10 (3)(10)

g L_‘ (2)(20)

— pr— -—

4

I the P&'s and F_'s do not change, the matrix M can continue to be used to

project the changzes in the population for future times.




mo=Meg me=Hp =¥psn =X
If the v lues of the P 's and F 's change from one 3% of time to the mext, then .

8 sequence of matrices can be used to project the popula.fcion changesa

Srh bk

The values of the P, 's and F ! s taa be varied considerably within limits, Such
variation éenstiiutes management. At the upper limit, are the maximue or poteantial
values of mmval, attained in the zoo enviromment wher no ¢vllimg is occuring, and
fertility, attained whem the animals are permitted unrestricted opportunity to breed.
Below these potential values, the P.'s cad be reduced by removing animals from certain
age c‘la.sse;s and the F_ 's can be reduced by preventing animals from breeding. These
are the managed values of suvival and fertility.

Effects of any such changes in the Py's and F_'s produced by management (or
changes of natural or uniatended cause) can be rapidly and precisely investigated

with the computer, Tonseghearces-bath near and remote ia time will be revealed,

" However, the model will mot only reveal the effects of managament changes, but will
' .

indicate the charges management should impose oa the P 's and F 's to attaia or

maintain desired sizes or age distributioms of a population.

- If the values of the Px‘s ard F_'s remain fairly constaat over time (As they
tften do in an ameliorated environmeat and which they could be made to do for managed
values comfortably below the potential values, Such low values will often pertain
in zoosimanagin.g a population at earrying capacity.) the population will tend to 2
constant rate of change, deiignated by the symbol N\ and termed the fimite rate of
change, | (Almost all populations will do so wiless they begin with a badly di'storted
age distribution, i.e; with all cr mostly old animals beyong age of reproductivity.)
This )\ can be gfeaﬁer than 1, in which casz the populatiorn is inéreasing; less thax 1,
in whiéh case the population will be decreasing; or equal to 1, in which case, the

populati-n does mot change size,




As the population tends to grow at this comstant rate, it will alco assume
—a~stable-a i i iow a stable age distributiom, which meaas that the population
Will indefinitely, watil the Py's and F,'s change (as they do in nature when
populations grow c;-owded) 3 maintz.lin an ege distribution imr which the relative mumbers in
each age class stay the same. For example, the stable age distribution for a species
with three age classes might have relative rumbers L, 24 and 1, The populationm
might be doubling every unit of time, but the relative mumbers in each age class
will stay the same, - s R
16 3?

ll lz = 16

i - 8

— T

Poole (197h) and Pielou (1969) derive the stable age distribution theoretically aud

cemonstrate it mumerically.

In matrix terms, the stable age distribution can be represented as

Mu = AR
vhere as 'be.foz":e E is the matrix of P 's argd Filss .‘i*b is the columa vector of
the age distributiom 2t time t; aad A is the finite rate of chazge,
Once, 'l?he P 's aad F,'s are lmowm or created, the value of A\ can be determined by
solving the equationr
} M )\I' =0 L ‘t] denotes the determimant operation.as before,
The product NI merely comverts the scalar A
into a matrix so it cam be subtracted i‘mm‘_}i
This m‘.‘]i preduce 2 polynomial in X where as before, the highest power of A

will equai the order of the matrix M, If Mis 5 X5, then the equation will be

of tae form \ c;)\g + chAh + c3}\3 + ::2>\2 + cl)\ +¢g=9©




Solution of such equations requires assistance of & computer,

Paving ascertained a value for N\ (which is called an .eigenvalue Of the matrix
E) s the stable age distribution can be determined by solv:lng the eguation

Eep = Ay -

In térms of X and the P 's the solution (for a population with k+l age clasgses)

P i

NP ave B )
k-1 _
A /PaP2 ees Pr)
- )\k-Z/PQPB oeE Pk_l)

Bstavle — .

-
L

' )\/P_k—-l
1

— P

is

The computer cam be used to imvestigate what sort of rate of change,, and
age distributioﬁ varioﬁ‘s schedules of Px and Fx will produce and hence cam indicate
how to Vary the P 's and F 's to/produce and desired rate of change or ultimate age
distributian.

There i8 a special case of the stable age!distribution known as the staticnary“ ;
age distribution which cccurs when the Pp's and F 's are comstant and such that
}\ = 1, A statiomary population not only has a stable age distribution, but the °

-_population size remains constant.

Attaimment and maintenarce of 2 staj:-ionary population will probably be the
ultimate mamagement objective for any species beimng preserved im captivity. The
computer can be used to investigate verious combinatiors of values of the P 's and
FX'B (as always within the lrunits esteblished by the potential values of thesd
parameters) that would produce 2 >\= 1 and heace a stationary population,

In gexerdl, captii;é populations w:.ll either be below (probably the case with

most emdangered species right now) or at (e.g. Siberian tigers) the carrying

capacity (K) of zoos. If the population is much below K, the populationm will probcbly




:be.encou"aged to grow at the maxbmun)\possible for the species and consistent
with the directions of the gemetic models (e.g. Remember, for mimimizatioa of
inbreeding arnd gemetic drift, it is bad to allow any cne animal to contfibute too
much to the mext gemeration, if there are alternatives. Dacca,the tiger cited by
Conway (197L) for her prolific production of offspring, is probably a genetic bane
rather tham boom to the captive tiger population,)

As thg population grows im size, the Py 's and Fy's cam be adjusted dovmward to
eventually attain and meintain a statiomary population at the carrying capacity
for the species, For those populations that are already near or over perhaps the
carrying capacity of zoos, the model will indicate how to control the E,'s and F !s

0 maintain or reduce the population to a statiomary coadition,

More tham ome combination of various P 's asd F 's, within the limits of the

potential values, nay produce a stationary population, Ther there will be alternatives
of age distributions and reproduction schedules from which zcos can select the most
desirable. (e.g. For P.R, reasoms, it might be desirable to have more babies of
" gertain species even if this requires more culling later; for other species, it might
be desirable to maintain animals as long as possible.) |

Should there be natural or unintended changes im the potemtial values of the
parameters such that they might descend below some currently established manzgement
values, the model will ipdicate how to vary other Ex’s and Ex's to restore the
desired condition.

Thecdembgraphic model will direct how many animals of-each age and sex should
be maintained or removed and how many progeny should be produced by animals of which agg
to achieve some objective of population growth and/or maintenance. It does not
indicate which sﬁbset of the arimals of a certéin age should be selected for
rebteation, removal, or reproduction, This is what the genetic models like those

|
proposed by Flesness (1975) will do,




However, the demographic model will be sensitive to geretically determimed
differences in Px‘s and Fx’s. The model can be refired to incorporate such
geretic differences, For example, removal of three animals of genotype (operationally
this will mean ancestry) A from age class x may affect P, differently ‘tham removal

of three animals of gemotype B. The model will be capable of treating such

genetically detemine;l differences in demographic characteristics of imﬁviduals.

Notet I have received a great deal of criticism from Wayme King,

Honte Lloyd, and others concerming this paragraphks King
strongly objected to my use of the term genotype here.

I admit it is a sloppy use of the temm., As stated in the
parenthetical clause above, what I interded to imply by
the term gemotype was merely a correlatioan between survival
and fertility characteristics and the ancestry of individual

animals,- This I think is possible ard necessary,




Application of the lodel:

taplication of the medel requires that we have the data on the
potential age-specific survival, the Px's,and age-specific fertilitvy,
the Fy's. I have bezen trying to compile such data for Siberian tigers,
but have beean encounterinrg problems.

To secure the potential age-specific survival data, we nesd to know
either: 1. date of death of a large number of animals of known birth
dates 2..or better, the psrcentege survival from one age to the next of
a large number of animals of each age. Data of kind number 2 are bestter
because the orobability of survival may be changing from year to year as
zoo0 conditions changes. Studbooks have data of both kinds. The annual or
‘semiannual I.S.I.S,.rcports will provide data of the second type.

Data on votential age-specific fertility is more difficult to obtain.
What is needed is data on the numbers of offspring born to each of a large
number of females (or males) of each age, Here data in the studbooks and
I.S.I.S.‘rcports is less reliable because these sources have no indication
of what sort of management is occurring (i.e. whether animals are being
permitted or prevented the opportunity'to bresed) or whether the young produced-
are being raised by mothers or humans, Both of these will significantly
affect the Fy's,

The potential P 's and Fy's may, or probably often will, be affected by
environmental and genetic factors, So depending on how and where the model
is to be applisd, the potsntial Px's and Fy's can be computed for various

sets of animals. In thz case of the Siberian tigers, for example, different

Px and Fx schedules might be compiled for:




All tigers.
A1l Sibsrian tigers.

A1l U,S, Siberian tigers and those foreign
Siberian tigers in U.S. animals ancestry.

A1l U.S., Siberian tigers.

Only ZEST Siberian tigers.

As indicated before, once the potential P 's and Fx'a are determined;

upper limits are established belcw which the parameters can be varied

(Px's by culling; F 's by breeding or not) to produce the managed P, 's

and F,'s.
As an example of potential and managed survival and fertility schedules,
consider the data implied by Comvray's (197L) data on Pere David's dzer,
(See Figure 1, presumptuously reproduced). Consider only the females., His
model implies that usually no mortality occurs from age 1 to age 9 (i.e. follow
what happens to the 5 females age 5 in 197L until they reach age 9 in 1978,
or the 3 females age 1 in 197L until they reach age 5 in 1978). Actually
no mortality is indicated until age 11, but the modal imnlies reproduction
effectively ends at age 9 and our model ignores animals in postreproductive -
‘age classes, Thus all the P 's (potential) are .l in the unmanipulated (unculled)
growing herd, 1974-1978.
In the theoretical model, the age classes are gfoupad into intervals
of two years, 1-3 years, 3-5 years, 5-7 years, 7-9 years. Still the Py's
yould be ‘1 in the unculled herd. these are ths potential P,'s.
In the managed herd, however, culling reduces the P;'s as follows:
Py y=1lor 5/6 :
P3¢ L/5
Pga7 =
Pr-9 =
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The F 's are a little more difficult to determine, However, for the years 197h-78
T averaged the number of female offspring produced by females in the prime reporductive

years., If this value is distributed eqmally over all age classes, it provides

Rt LN 0 o - e . wng/adult female.
a..‘potential F3_5 Fep = Frg Fg_17 = 0.37 female young/adult female

Tn the theoretical model, bilmnual production of 5 female fawns, ﬁeces;sa_w—y' tointuly
generate and maintain the age distribution indicated, rec;uireé the. Fx's to be 0438y
zl ; - .

ﬁ#?;‘.; virtually the same as the potemtial values, - g

-

In matrix form the managed values of the Comway model would be

T The domimant eigemvalue of this matrix is
. 038 .38 ‘38 038 0!996, i.elo almost l.

0 0 0 The associated eigenvector is:
+80 o 0

0
0
0 "« 0O 0
0

0 0 033
e ke

Conceming compilation of data on survival aad fertility of Siberian tigers,

I have not yelt obtained a _copjf of the complete a2nd curremt studbook. I do have
Marvin Jone's (1973) survey of registered Siberian tigers in North America through
August of 1973. From this material, I have computed some preliminary values for

. age~specific survival, but much more drudgery is néeded before my results are

reportable. My computer program will facilitate compilation of the data,
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