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Abstract: A stochastic computer model was written to simulate the dynamics of

red fox (Vulpes vulpes) populations in Kentucky. The model consists of the main
module equations and 2 submodules: ASMOSU and BIRTH. Main module equations
calculate the number and density of individuals in each age class and the total
population. ASMOSU calculates all total and age specific mortality rates. BIRTH
calculates the number of individuals recruited into the 0.5-year age class. The model
is useful for evaluating scenarios for red fox management in Kentucky because,
except for minor exceptions, it validly simulates changes in red fox population dy-
namics. The model is most sensitive to perturbations in the input values of fecun-
dity, the area inhabited by the population, and the parasitism mortality rate.
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Interest in the red fox by the Kentucky Department of Fish and Wildlife Re-
sources (KDFWR) stems from the importance of this species as a renewable fur
resource. For example, during the 1983 -84 harvest season, 10,047 pelts, with an
estimated value of $295,227, were purchased in Kentucky (KDFWR unpubl. data).
While most of these foxes were harvested by trappers, several thousand hunters also
exploited the red fox through consumptive hunting and sport hunting with dogs.
Because the red fox is so important to the sportsmen of Kentucky, the KDFWR has
given it high priority for management considerations.

The lack of adequate censusing techniques and the complex dynamics of fur-
bearer populations make it difficult to estimate furbearer populations accurately
(Clark and Andrews 1982); the red fox in Kentucky is no exception. The KDFWR
uses various indices, including scent station surveys, fur-trader transaction reports,
fur-taker interviews, and various harvest statistics as relative indicators of popula-
tion trends (T. L. Edwards, pers. commun.). In addition, age structure and repro-

'Present address: Department of Zoology, Box 7617, North Carolina State University, Raleigh, NC
27695-7617

1985 Proc. Annu. Conf. SEAFWA



Red Fox Population Simulation 327

duction data are often collected from harvested foxes. While such indices yield in-
formation useful for monitoring short-term population trends, there is a need for the
evaluation of long-term trends and for the development of quantitative techniques
that will allow biologists to base management decisions on anticipated population
changes instead of simply reacting to such changes (Clark and Andrews 1982). One
such technique is the use of computer simulation models to predict population levels
and to evaluate the effects of various management regimes on population size and/or
dynamics.

The use of computer simulation modeling in the management of furbearers has
become increasingly popular, with models having been developed for many fur-
bearer species (Johnson 1982). The red fox has commanded much attention in this
respect because of its importance as a furbearer, predator, and disease vector. Five
models that deal with various aspects of red fox ecology have previously been devel-
oped (Preston 1973, Zarnoch et al. 1974, Johnson and Sargeant 1977, Pils et al.
1981, David 1982).

In order to increase the objectivity of its red fox management program, the
KDFWR has chosen simulation modeling as a supplement to traditional monitoring
techniques. Because simulation models developed in other states were not appli-
cable to populations in Kentucky, a new simulation modeling study was initiated.
Results from previous modeling efforts were not used in this study. The objective
of the study was to construct a stochastic computer simulation model that would:
1) simulate changes in population levels and/or parameters on an annual basis,
2) simulate fluctuations in harvest levels with corresponding changes in market dy-
namics, 3) evaluate the effects of various management strategies on populations in
Kentucky.

FARPOP, a stochastic computer simulation model designed to meet the above
objective, was written to simulate the population dynamics of red fox, gray fox
{Urocyon cinereoargenteus), or raccoon (Procyon lotor) populations (Cobb 1985).
A flow diagram for the entire model is shown in Figure 1. This paper documents the
development, validation, and sensitivity testing of the model for red fox populations
only. Cobb (1985) gave a complete description of the entire modeling study.

The authors thank T. L. Edwards for providing unpublished KDFWR data, for
providing the age structure data used in estimating the initial population structure
used in FARPOP, and for many hours of stimulating discussion on the current status
and management of red foxes in Kentucky. R. A. Powell, G. Rithison, H. L. Strib-
ling, T. L. Edwards, L. A. Stribling, R. A. Lancia, and three anonymous reviewers
provided helpful comments on earlier drafts of the manuscript. This project was
funded by the KDFWR, through Pittman-Robertson Federal Aid Project W-45,
Study Number FR-R-1, Job 3.

Methods

All functional relationships in the model were based on information from the
literature and on general population theory. The model used data that either were
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Figure 1. FARPOP flow chart.

being collected by the KDFWR, data that could be collected in the future without a
substantial increase in funding or manpower, or data taken from the literature. Once
construction of the model was complete, it was validated by comparing actual age
structure data with age structures produced from 10 individual simulation runs.
Analyses were conducted to test FARPOP’s sensitivity to variations of input parame-
ter values. Experimentation with the model is continuing to evaluate the effects of
various harvest strategies on the red fox population in Kentucky.
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Model Structure

FARPOP was written in FORTRAN 77 computer code for a VAX 11-780 com-
puter. FARPOP consists of the main module equations and 2 submodules: ASMOSU,
and BIRTH. Data used in the model are input as normal distributions. Each run of
the model is independent and varies randomly based on these input data distri-
butions. Complete model listings are available upon request from the senior author.

In ASMOSU, harvest and natural mortality rates are calculated separately and
then combined to determine the total mortality rate within each age class and sur-
vival to the next age class. Harvest is based on 3 variables: season length (days),
hunter or trapper success rates (animals harvested/hunter or trapper/day), and the
number of hunters or trappers. Hunting and trapping harvest mortality rates are cal-
culated separately, but are the product of the above 3 variables divided by the total
number of foxes in the population. The season lengths, success rates, and number
of hunters are always user-supplied input variables. The number of trappers can ei-
ther be provided by the user or calculated by a regression equation in the model.
This equation was derived through a regression analysis (Ray 1982) of 21 years of
unpublished KDFWR hunter and trapper harvest data. The regression equation ac-
counts for 99% of the annual variability in the total number of all trappers based on
variability of the price paid for raccoon pelts in the previous year, the number of
raccoon pelts purchased in Kentucky during the previous year, and the number of
trappers in the previous year. Raccoon harvest data were used because they yielded
the most sensitive regression equation for the total number of trappers. No suitable
model could be constructed to estimate the number of hunters.

In FARPOP, hunting and trapping mortality rates are considered compensatory
to each other. As such, they are combined to yield a total legal harvest mortality rate
by summing the two rates and subtracting the product of the two from the total
(Caughley 1977). This rate is then added to the user-supplied illegal harvest mor-
tality rate to give the total harvest mortality rate.

Four types of natural mortality agents are included in FARPOP: predators, para-
sites, diseases, and ‘‘other” non-harvest factors (i.e., road-kills, accidents, etc).
Five species have been reported as possible predators on red foxes (see Cobb 1985).
Only dogs, coyotes (Canis latrans), and bobcats (Felis rufus), however, have the
potential to reach population levels in Kentucky that could result in significant de-
clines in red fox populations. Because it does not appear that populations of these
species are presently at such high densities, the predation mortality rate was set at
zero in control runs of the model.

Studies surveying the parasitic fauna report 39 genera (46 species) of endo-
parasites and 16 genera (17 species) of ectoparasites from red foxes (see Cobb
1985). Because the influence of sarcoptic mange has been addressed in the disease
category of natural mortality and because there have been no other documented
cases of significant population declines due to parasite infections, the parasitism
mortality rate was set at zero in control runs of the model.
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Seventeen diseases have been reported from red fox populations (see Cobb
1985). Of these, only mange, the best known disease (Ables 1975), rabies, and dis-
temper have been shown to cause significant reductions in populations. Mange can
be fatal to all infected individuals (Storm et al. 1976) and is usually assumed to be
density dependent (Trainer and Hale 1969, Ables 1975, Tullar and Burchielli
1981). The disease is often accelerated by the communal denning tendencies of red
fox families (Tullar et al. 1976) and by the effects of mange on the ability of individ-
ual pups and/or adults to disperse (Tullar and Burchielli 1980). Based on the data
presented by Tullar and Burchielli (1981), and accepted theories on the cycling of
mange in fox populations (Tullar et al. 1976; Tullar and Burchielli 1980, 1981), an
arctangent function (Parton and Innis 1972) is used in the model to describe the
relationship between the rate of mortality due to mange and population density
(Cobb 1985). This function is based on 2 assumptions: 1) the spread of mange is
density dependent, and 2) there is some threshold density above which the incidence
rate of mange rises very quickly. Tullar and Berchielli’s (1981) data suggest, how-
ever, that changes in density do not always result in similar changes in the incidence
of mange. Other factors that affect the incidence of mange, such as variations in
animal susceptibility, in the rate of spread of the disease, and in the virulence and
pathogenicity of the disease have not been studied sufficiently. To account for the
influence of these factors, the actual percentage of the population contracting mange
is defined in FARPOP as a normal random deviate about a mean as estimated with
the above described function and with a standard deviation of 30% of the mean.

Rabies is the second disease considered in FARPOP. Little information relating
the incidence of this disease to actual population parameters is available. The occur-
rence and cycling of the disease has been described and reviewed by Gier (1948),
Wood (1954), Sikes (1970), Winkler (1975), Carey et al. (1978), Carey (1982), and
Carey and McLean (1983). The relationships between the factors that influence the
epizootic spread of rabies and their variations in actual red fox populations has not
been investigated. Therefore, the relationship included in FARPOP is based on the
data presented by Gier (1948) and on 4 assumptions: 1) exploited population densi-
ties do not normally exceed 0.80 individuals per km? (Preston 1973) and usually
have a low incidence of rabies, 2) there is some threshold density above which rabies
incidence rates rise sharply, 3) red foxes are approximately 1,000 times as suscep-
tible to rabies as raccoons (McLean 1975), and 4) the relationships between popula-
tion density and rabies incidence rates are the same for red fox and raccoon popu-
lations, except that increases in incidence rates occur at lower densities in fox
populations than in raccoon populations. Based on these assumptions and by using
relationships derived for rabies cycling in raccoon populations (Cobb 1985), an
arctangent function (Parton and Innis 1972) is used in the model to describe the
relationship between the rate of mortality due to rabies and population density
(Cobb 1985). To account for the influence of factors other than density on incidence
levels of this disease (Carey et al. 1978), the actual percentage of the population
contracting rabies is defined as a normal random deviate about a mean as calculated
with the above described function and with a standard deviation of 30% of the mean.
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Distemper is the final disease considered in FARPOP. Although susceptibility
to distemper evidently varies among fox populations, mortality can be significant
(Budd 1979). Because diagnosis is difficult, mortality rates due to distemper are
often underestimated and the impact of this disease on red fox populations is uncer-
tain (Budd 1970, Andres 1981). In FARPOP, mortality rates due to distemper are a
function of population density and are based on 3 assumptions: 1) there is some
threshold density above which incidence rates rise sharply, 2) the disease is fatal to
all infected individuals, and 3) the disease has similar effects in both red fox and
gray fox populations. Based on these assumptions, and on data presented by
Nicholson (1982) for gray foxes, an arctangent function (Parton and Innis 1972) is
used in the model to describe the relationship between the rate of morality due to
distemper and population density (Cobb 1985). Incidence rates of distemper are
probably not a function of density alone. Other factors, as described for mange and
rabies, probably play a role in determining mortality due to this disease. Therefore,
the actual percentage of the population contracting distemper is defined as a normal
random deviate about a mean as calculated with the above described function and
with a standard deviation of 30% of the mean.

The final type of natural mortality considered in FARPOP is that attributable to
*“other” mortality agents. Reports of the proportion of total mortalilty attributable
to ‘“‘other” natural causes range from 12.6% to 38.5% for juveniles, and from 3.8%
to 33.0% for adults (Bennitt and Nagel 1937, Englund 1970, Phillips et al. 1972,
Storm et al. 1976, Tullar and Burchielli 1981). Because the natural mortality of red
foxes in Kentucky has not been investigated, the relationships used in FARPOP are
based on these previously reported mortality rates. The mortality attributable to
‘““other” natural causes is defined in the model as a normal random deviate about a
mean of 12.0 and 7.0, and a standard deviation of 4.3 and 5.6 for juveniles and
adults, respectively.

Total age-specific natural mortality rates are calculated as the compensatory
relationship (Caughley 1977) between the predation, parasitism, disease, and
“other”” natural mortality rates. Total age-specific mortality rates are calculated as
the compensatory relationship between total harvest and total natural mortality
rates. The complements of these finite mortality rates are used to calculate the ac-
tual number of individuals that survive to subsequent age classes.

BIRTH calculates the number of individuals recruited into the 0.5-year age
class. Since the population values produced by FARPOP represent pre-harvest lev-
els, females in each age class are subjected to a complete season of harvest mortality
and to 15% of the total annual natural mortality before they breed. The remaining
number of females in each age class is then multiplied by the fecundity value for
that age class to yield the number of young born to these females. A litter size of 5.0
young per breeding female (Samuel and Nelson 1982) is used in the model. Al-
though some females may be barren in a particular season (Layne and McKeon
1956), all females are assumed to breed.

Once all submodule calculations are completed, the main module statements
calculate the number of males and females in each age class. The individuals born
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into the population are subjected to 85% of their annual natural mortality rate and
all of their illegal harvest mortality rate before being recruited into the 0.5 year age
class. This relationship is used because: 1) the majority of juvenile natural mortality
is associated with summer and fall dispersal (Storm et al. 1976) and, therefore, oc-
curs before the first harvest season, and 2) the majority of the illegal harvest mor-
tality in Kentucky occurs in the summer and early fall during dog training seasons
(T.L. Edwards, pers. commun.). Following these adjustments, and assuming a 1:1
juvenile sex ratio (T. L. Edwards, pers. commun.), the surviving individuals are as-
signed to each sex category within the 0.5-year age class. The total number of indi-
viduals in this age class and its density (per km?) are then calculated.

FARPOP defines the number of males and females to be assigned to each adult
(> 1-year-old) age class as the number of individuals that survive from the previous
age class. Final output includes the total number of individuals and density (per
km?) in each age class, the number of males and females in the population, the
number of individuals in the population, and the population density (per km?).

Validation

Reynolds et al. (1981) have described several parametric and non-parametric
tests that are often used to validate natural resources simulation models. Each of
these procedures was considered for use in validating FARPOP, but none were
deemed appropriate due to a lack of necessary data. The only age data available for
testing the model were the 198384 age structure. Because the 198283 age struc-
ture data were used to initialize the control population used in running FARPOP, we
assumed that the model would be valid if the age structure produced after 1 year of
simulation was not significantly different from the age structure for the 198384
season. This assumes, of course, that both the 1982-83 and 1983-84 samples
yielded unbiased estimates for the age structure of the living portion of the popula-
tion. Based on this assumption, 95% confidence intervals were constructed around
the percentage of individuals in each age class in the 198384 sample (Rohlf and
Sokal 1981, Sokal and Rohlf 1981). The values produced from 10 simulation runs
were compared to these intervals, with the model being considered valid if 95% of
the values from the 10 simulations fell within these 95% confidence intervals.

Sensitivity Analyses

Although several sensitivity analysis techniques have been described (Rose and
Swartzman 1981), the individual parameter perturbation method was used in this
study. The model was considered sensitive to an input variable if the output value of
any of 3 indicator variables showed a change proportional to or greater than the
change of the input variable (Rose and Swartzman 1981). Indicator variables were:
harvest mortality rates, the number of individuals recruited into the 0.5-year age
class, and population density. The model was tested against perturbations in the fol-
lowing randomly- and subjectivity-chosen input variables: the number of hunters and
trappers, the price paid for raccoon pelts in the previous year, the number of trap-
pers in the previous year, the total area inhabited by the population, hunting and
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trapping season lengths, fecundity values, hunting and trapping success rates, il-
legal harvest mortality rates, and predation and parasitism mortality rates. Control
values for all variables except the predation and parasitism mortality rates were per-
turbed by + and — 1% and + and — 15% in nonstochastic runs of the model. Be-
cause the predation and parasitism mortality rates were set at 0 in control runs of the
model, they were increased in the sensitivity tests to 0.02 and 0.05, respectively.
These values represented the estimated maximum predation and parasitism rates in
Kentucky.

Results and Discussion

Validation

All of the age-class estimates produced by FARPOP fell within the 95% confi-
dence intervals for the 19831984 sample except those for the 1.5-, 4.5-, and 5.5-
year age classes (Table 1). The maximum deviation from the 95% confidence inter-
val for the 1.5-year age class estimate was only 0.54 percent. The model is evidently
slightly underestimating the mortality rates of the 0.5-year age class so evaluating
the relationships involved in juvenile mortality rates should be an area of future data
collection and subsequent model refinement.

FARPOP consistently underestimated the percentage of individuals belonging
to the 4.5-year age class, with the maximum deviation from the confidence interval
limits being only 0.56 percent. This is probably due to a peculiarity in either the
1982--83 or 1983-84 sample. Because the sample sizes increased between subse-
quent years (N = 135 for 1982-83; N = 185 for 1983—-84), and because the per-
centage of individuals belonging to the 3.5- and 4.5-year age classes was the same
in the 198283 sample, the model could not estimate the increase seen in the
1983 -84 sample.

Only 3 of the 10 estimates for the 5.5-year age class fell outside the 95% confi-
dence interval. Because the outlyers were only 0.01 percent away from the lower

Table 1. Comparison of red fox population structures estimated through annual sampling
and with FARPOP.

Estimated 198384 Percent of
Age Structure® Simulated
Age Class 1982-83 198384 Values

(years) Sample? Minimum Maximum Sample? 95% CI¢ in 95% CI
0.5 68.15 66.57 66.65 65.95 58.74-72.74 100
1.5 20.00 22.52 22.59 16.22 11.08-22.05 0
2.5 7.41 6.92 7.00 6.49 3.10-10.40 100
3.5 1.48 2.55 2.60 5.40 2.37-9.19 100
4.5 1.48 0.51 0.52 3.24 1.07-6.59 0
5.5 0.74 0.51 0.52 1.62 0.52-5.20 70
6.5 0.74 0.26 0.26 1.08 0.11-3.72 100

aAge structure is expressed as the percentage of all individuals belonging to each age class.

bAge structure is estimated from 10 simulation runs and expressed as the percentage of all individuals belong-
ing to each age class.

©95% confidence interval references the 198384 age structure.
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confidence interval limit, and because less than 2% of the population was in this age
class in either of the 2 samples, the differences were considered insignificant.

Although the model did not pinpoint all changes in the 1.5-, 4.5-, and 5.5-year
age classes, the authors feel that FARPOP validly simulates the population dynam-
ics of red foxes in Kentucky for 2 reasons: 1) changes in those age classes containing
approximately 80% of the population samples were correctly estimated using the
model, and 2) deviations from the 95% confidence intervals were less than 1% of all
age classes, suggesting only slight miscalculations by using the model. As addi-
tional data pertaining to age specific survival and reproduction are collected, the
validity and accuracy of the model will increase. As with any simulation model, as
additional data is collected FARPOP should be re-evaluated and model output
should be compared to actual population data. If decrepancies are found, the model
should be refined. In this way, its validity and accuracy can be increased, and the
model can be kept up-to-date as factors affecting the population dynamics of red
foxes change in the future.

Sensitivity Analyses

FARPOP was found to be sensitive to changes in only 3 of the 14 input vari-
ables tested. The model was sensitive to all changes in the fecundity values, with the
indicator variables consistently showing a linear response to these changes. The
model was sensitive to perturbations of — 1% and —15% in values representing the
total area inhabited by the population. FARPOP was also sensitive to increasing the
parasitism mortality rate to 0.05. Although FARPOP was not deemed sensitive to
changes in other input variables, having accurate data on variables such as the suc-
cess rates of hunters and trappers, the illegal harvest mortality rates, and those sen-
sitive variables listed above, is vital to assuring the accuracy of the model and to
increasing its practicality for predicting changes in red fox population values.

Based on these testing procedures, the authors feel that FARPOP is of value in
both suggesting areas where additional data about the ecology of red foxes in Ken-
tucky are needed and in evaluating the effects of management scenarios before their
implementation. It could take years to accumulate these data by more traditional
techniques. There is a lack of basic data about red fox population dynamics in Ken-
tucky, but FARPOP can now be used to help managers increase their understanding
of this species.
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