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Abstract:

A computer simulation model summarizing data on the ecology of bighorn
sheep in the Canadlian Rocky Mountain parks is presented. The model is used
to check the internal consistency of the Jata upon which it is based, to
suggest important areas of research, and to examine hypotheses regarding
system requlation.

INTRODUCTION

Recurrent disease s an outstanding feature of population dynamics of
bighorn sheep of the Canadian Rockies. Although the lungworm, Protostrongylus,
frequently has been associated with these periodic die-offs, clear patterns
of involvement of specific pathogens or predisposing factors are not always
evident (Forrester 1971). Present deficiencies of knowledge are evident in
an apparent inability to predict the onset of mortalicies with any degree
of precision.

Difficulties could stem from incomplete understanding of elther quali=
tative or quantitative aspects of this complex system. A number of studies
have been iniftiated in recent years to identify additional factors such as
previously overlooked pathogens, new aspects of parasite transmission, or
immunologie impairment. This papar intends to explore the importance of
guantitative aspects relating to the interactions of various recognized com=
ponents in detarmining system dynamics. To this end, we have adopted the
approach and techniques of systems analysis and computer simulation.

MODEL DEVELOPMENT
Approach

The system dynamics approach of Forraster (1973) was applied to guanti-
tative analysis of tha bighorn sheep-disease system. The steps In model
construction ware as follows. First, the boundaries of the problem were
established by considering the appropriate resolution, time scale, and
dimensional ity of the modal on the basis of its purpose and the guestions
which were to be asked of it. Secondly, the basic framework was designed
and the important state variables were identified. Thirdly, from reports
and unpubl ishad data, largely from the files of the Canadian Wildlife Service,

100



the ralationships between the components of the system were determined.
Next, these relationships were translated into mathematical statements
and implemented for computer exucution. The modal was written in DYNAMO,
a specialized simulation language (Pugh 197%).

lata Base

The mede] was based to a large degree upon long term studies on range
ecology, parasitism, and population dynamics of bighorn sheep In Jasper,
Banff, and Waterton Hational Parks (Stelfox 197h). Records of major state
variables including population levels, grazing pressure, range productivity,
weight dynamics, parasitism, and meteorological condlitions For six winter
ranges spanning 5-8 years provided basic data for derlvation of functional
relationships. From this data set, approximately 21 records were sultable
for correlation analysis. This was supplemented where necessary wlith
published information from other sources.

Basic Structure

The fundamental structure of the model is described in Fig. 1. Bighorn
sheep populations were viewed 8% belng Influenced both by normal Feedback
machanisms operating through changes in body condition and levels of para-
sitism and by pericdic outbreaks of disease. In turn, body weight and dis-
pase wWware influenced by the physical environment, range condition, and
forage availability. The basic unit For the simulation was a single herd
rather than & regional or provincial population.

Population Dynamics Module

Populations were modelled by generating a lamb crop each year, applying
an appropriate mortal ity rate, and passipng annual recruits seqguentially through
seven sex-seqregated adult age classes. The Final age class consisted of a
pocl of aged animals to which a copnstant mortal ity rate was applied. This
structure permitted the Important aspects of age and sex structure to be
included.

The most important part of the population dynamics module was that deal-
ing with recruitment (Fig. 2a). Regression analysis of data from the park
herds Indicated that lungworm burdens and weight dynamics were the most
important Ffactors influencing both martality and natality.

Range/Forage Module

Forage avallability expressed as Ibsfanimal day, was simulated from
consideration of range productivity and useables range area (Fig. 2b). Range
productivity was genarated from |ts mathematical relationship with rainfall
and grazing prassura. Range recovery rates following reduction of grazing
intensity were modiflad by range condition at the time of release. Range
area was detarmined by land use practlices such as legging, by tha presance
of athar animals, and by snow covar.
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Welght Dynamics Module

Body conditlon as Influenced by environment was assessed by spring
weights of the adult ewsa segment of the population. Correlation analysis
showed a relatively high negative relationship of spring weight with lung=
warm burdens and a moderate pesitive relationship with forage availabiiity
(Flg. 2c). Reciprocal causal relationships between lungworm burdens and
welght were assumed and, In the absence of empirical Information, the direct-
ional strength of the relationship had to be arbltrarily assigned.

Lungwarm Infection Module

Lungworm loads were determined from their empirical relatlionship with
bighorn shesp densities (Fig. 2d). These values were Incremented on the
basis of rainfall. Spring weights wersa assumad to be causally related
balow 130 1bs, a level at which positive feadback betwesn lungworm loads and
waight loss created a domain of instability.

Hortality Module

Tha module dealing with generation of die-offs was developed in the
absence of empirical data. The hypothesized relationships and events are
cutlined In Fig:. 2e:. Hortality was modelled from considerations of the
probabilicy of oceurrence and the severity of the ocutbreak once it had been
initiated. The probability of heavy mortality from disease was modalled on
the basls of random emergence of a potential pathogen and the conditions
that permit this pathogen to be transmitted and potentiated. Conditions for
potentiation to occur were considered to be high bighorn sheep densitcies
and low resistence arlsing from heavy lungworm burdens, weight less, or
inclement weather.

Report Gemeration

All state varlables could be accessed to monitor the simulated system.
However, the most Important output variables were population by sex and age
class, lungeorm burdens, body weights, grazing pressure, range productivity,
and probability of disease outbreaks.

HMODEL PERFORMAMCE

Baslc Moadael

An example of a 100-year simulation of system dynamics is presented in
Fig. 3. In this particular run three outbreaks of disease were generated.
The First occurred at the turn of the century. This was followed by heavy
mortal ity batween 1948 and 1950 and between 1972 and 1975. The rate of
population recovery varied with the size of the population and extent of
range deterioration prior to the outbreak of disease. The rate of recovery
in the First die-off was only slightly more rapid than that abserved follow-
ing martalities in Kootenay Mational Park in 1966, Recovery following the
simulated die-off in 1972 was much slewer with a 20 to 30-year period to
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Simulated dynamics of bighorn sheep populations subjected to periodicdie-offs

from contagious disease.
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restoration of predie-eff numbers. This latter recovery was comparable to
that oceurring in most of the western parks following mortalities in the
1940's. Since weather variables were entered stochastically, similarity in
the timing of the die-offs batween any particular herd Is colnclidental.

Simulation Experiment: The Role of Contaglous Disease

Thare are many desk-top experimants of theoretical and practical
significance which can be conducted using system models of this type. One
vary basic guestion which was evaluated with the model was whether disecase
was an Important density-dependent Tactor permitting range vegetation to
recover Tollowing pericds of heavy use. A clue that discase was not the
only factor in regulation came from [nspection of the population trajectory
projected by the basic model. Evidence of population regulatlon was found
in Inter-die-off intervals where populatlons appeared to momentarlly over-
shoot an equilibrium leve] before regulating mechanisms came Into operation.
Further Insight was obtained from a second slmulatien run in which the
probability of contagious discase was set to a low level so that die-offs
ware not genarated. It was found that weather, range, animal condition,
and lungworm infectien interacted to stabillze populations at a level below
peaks occurring when contagious disease was an element In the system (Fig. 4).
If anything, it appeared that disease Interfered with a more finely tuned
mechanism of population regulation. Hanipulation of various model para-
meters In numerous reruns suggested that tha overshoot In the post die-off
recovery was of three basic origins; namely, lags in the range response to
grazing, depressed lungworm burdens, and population structure.

DISCUSSION AND CONCLUSION

Systems analysis and simulation often are viewed elther as clair
voyant or as unnecessarily complex tools for documenting the obvious.
Analysts seem to be compelled either to promote or to apologize Tor them.
In this study we have Found that these technigues did make modest but
significant contributions towards summarizing and integrating research
information. The systems model provided a basic Framework and provided a
mediuvm for testing the internal consistency of the data base. Theoretical
excursions to consider various hypotheses were made possible.

The model is at an early stage of development and its behavior has
not been fully evaluated. As the informétion base is strengthened and
greater confidence Is gained, the mode]l may assist management by permitting
prejection of the consequences of policy decisions.
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