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Abstract:Various interpretations of the Craighead team data on Yellowstone grizzly bears (Ursus arctos horribilis)are reviewed. The Craigheads continue
to favor a noncompensatory model that gives the greatest likelihood of population extinction with an increased mortality rate. McCullough (1981) found
that recruitment of cubs and survivorship of juveniles were influenced by adult population size. Stringham (1983) reached most of the same conclusions by
different methods. McCullough (1981), Stringham (1983), and Shatffer(1978, 1983) all reported negative relationships between adult population size (or
adult males only) and percent of females producing litters and mean litter size. Time lags in the density-dependent effect of adults on cub recruitment were
treated by Avrin (1976) with slightly different results. All authors have emphasized the susceptibility of grizzly bear populations to overexploitation, although
the impact varies with model assumptions. Shaffer (1978, 1983) examined stochastic variables as they influence minimum viable population size.
A congruence analysis was done for the McCullough (1981) model in which parameterswere run in model simulations to test model responses to observed
results for the years of the Craighead study. This analysis reaffirmedthe oscillatory behavior of the population and showed that oscillatory behavior decreased
as the adult mortality rate increased. Great fluctuations in population parameters make assessment of the current status of the population difficult. An
alternate strategy of long-term population monitoring and management based on a systematized aerial count of minimum unduplicated bears is proposed.
Int. Conf. Bear Res. and Manage. 6:21-32

The conflict over the status and management of
the grizzly bear population in Yellowstone National
Park began in 1967 with a disagreementbetween the
John and Frank Craighead research team and the
National Park Service biologists and administrators
over the procedures for closing open-pit garbage
dumps (Craighead and Craighead 1967, 1971; Cole
1971). The Craigheadsrecommendedphasing out the
dumps over a 10-year-periodand simultaneously killing elk (Cervuselaphus) in the backcountry to attract
bears away from developed areas. The Park Service
chose to close dumps as rapidly as possible and did
not shoot elk. Controversy quickly followed (Craighead et al. 1973, 1974; Cole 1971, 1973; Meagher
1978), and the issue was broadly reported in the press
(Craighead 1973, Johnson 1973, Seater 1973, Gilbert
1976, Cauble 1977, Schullery 1980).
The current state of the population remains uncertain (Blanchardand Knight 1980, Craighead 1982,
Chase 1983), as does the appropriaterole of research
and management. Concern about the viability of the
population with apparently increased human-caused
mortality means the search for a suitable research
and management program is imperative.
Success of the Craighead team in gathering population data depended largely on concentration of
grizzly bears at open-pit garbage dumps during the
summer months. Closure of the dumps by 1971 dispersed the bears over a broader area, and despite the
best efforts of the Interagency Research Team, population data are sparse and equivocal. A greatly increased effort in money and staffing may improve
population estimates (Kilgore et al. 1981), but it is
questionable whether accurate estimates can be

achieved or that accuracy can be achieved without
deleterious impact on the population. Given this situation it is imperativeto maximize understandingthe
best population data available, that of the Craighead
research team.
The circumstances surroundingthe dispersed population of today are not the same as the concentrated
population studied by the Craigheads. However, the
long generationtime of bears results in slow evolution
of traits under new selective pressures. Grizzly bears
evolved to exploit concentrated food sources whenever available, so although garbage as a food source
was "unnatural,"the behavior of bears in taking advantage of it was perfectly natural. Therefore, while
absolute values of parametersmay have changed with
dump closure, the relative values and patterns of
responses probably remain valid. I do not mean to
entirely rule out the possibility of a shift in behavioral
domain, but rather to suggest that a shift seems unlikely. In the absence of alternatives, the Craighead
data remain the best basis for interpreting current
population results.
I wish to thank S. F. Stringham for discussions
clarifying his views and M. L. Shaffer for his most
helpful review and criticism of the manuscript. I am
indebted to J. J. Craighead and F. C. Craighead, Jr.,
and their research associates for producing the excellent field data that make various interpretations
worth exploring.
INTERPRETATIONOF THE CRAIGHEADDATA
The Craighead research team conducted grizzly
bear population studies in Yellowstone Park from
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1959 to 1970 (Craighead et al. 1973, 1974). Population size, sex, and age composition were based on
censuses conducted at garbage dumps. Reproductive
rates were based on recorded histories of known females and mean litter sizes. Mortality rates were estimated from age structure of a sample of known
animals in 1966 and known mortalities were recorded. The purpose of this section is to review different interpretations of these data by different
scientists using varying analytical methods. Readers
wishing details should refer to the original publications (Craigheadet al. 1973, 1974; Cole 1971; Cowan
et al. 1974; Avrin 1976; Shaffer 1978, 1981, 1983;
McCullough 1981; Stringham 1983).
Population Size
Craigheadand Craighead(1971) believed that they
were accounting for most of the bears in the ecosystem. Cole (1973), however, maintained there was a
significant number of bears in the population (a
"backcountry population") that was not being
counted. Cowan et al. (1974) examined this issue by
comparing the proportion of bears marked in the
population to the proportion of marked bears dying
outside of the park. If the population were completely
mixed, these ratios should have been equivalent. Because marked bears were underrepresented in the
mortality sample outside of the park, Cowan et al.
(1974) concluded that the Craigheads'censuses were
58% efficient, and that 132 bears needed to be added
to the mean population size of 177 at the garbage
dumps for a total of 308. Using similar procedures,
Craigheadet al. (1974) concluded their censuses were
77% efficient for a total population of 229. Both
estimates are subject to criticism. The ratio of marked
to unmarked bears in the living population cannot
be compared to the same ratio in bears found dead
because the ratio in living bears was constantly changing due to marking effort and mortality, whereas the
ratio in dead bears depended on the accumulation of
marked and unmarked bears. Comparing the ratio of
marked to unmarked dead bears inside vs. outside
the park circumvents these difficulties and results in
a highly significant difference between the ratios (P
< 0.001) (McCullough 1981). This suggests a census
efficiency of 57% for a total population estimate of
312.
Reproductive Rates
Craighead et al. (1974) treated the reproductive
rate as constant from 1959 to 1967 and proposed that

it had declined after 1968 because of stress caused
by garbage dump closure. Cole (1974) suggested that
the relative number of cubs after 1968 was higher
because young females were reproducing earlier and
that because they had smaller litter sizes, the reproductive rate as expressed by mean litter size was
misleading. Although this interpretation of the data
is possible, no substantial evidence supports it.
Craigheadet al. (1974) based their estimates of the
reproductive rate on known histories of marked females, including litter sizes and interval between litters. However, the realized recruitment rate, as
derived from cubs observed in the population, exceeded the rate estimated from known females
(McCullough 1981). The discrepancy seems to have
resulted from the marked females not being a representative sample of the females in the population.
The question of whether the reproductive rates
declined after 1968 is clouded by 2 other variables.
First, there was a density-dependentrelationship between cub recruitmentand adult population size, and
the high number of adults after 1968 can account for
the observed differences(McCullough 1981). Second,
the evidence of a decline in reproductive rate after
1968 was based on mean litter size, and Cole's (1974)
interpretation shows that this statistic is subject to
several interpretations.Percent of females with litters
accounted for 77% of the variance in number of cubs
recruited, whereas mean litter size accounted for only
23% (McCullough 1981). Therefore, mean litter size
was a weak contributor to cub recruitment and is
insensitive to the true reproductive rate and recruitment of cubs.

Density Dependence (Compensation)
Craighead et al. (1974) concluded that there was
no density dependence shown by their data, and they
have recently reaffirmed this view (Craighead et al.
1982). In contrast, Shaffer (1978), McCullough
(1981), and Stringham (1983), using different analytical procedures, independently reported statistically significant density dependence in reproductive
parameters. Shaffer (1978, 1983) reported that percentage of females with litters and mean litter size
were negatively correlatedwith adult population size.
McCullough (1981) reported that the recruitment
rate of cubs, yearlings, 2-year-olds, and combined
juveniles (cub through 4-year-olds) all were negatively correlated with adult population size.
Stringham (1983) applied different procedures but
reached the same conclusion about density-dependent
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effects. Furthermore, the influence of adult males is
supported by similar results of an interpopulational
comparison of grizzly bear populations by Stringham
(1980) and manipulations of a black bear (U. americanus) population by Kemp (1972, 1976). The negative effect of adults or adult males on reproduction
has been attributed to resource limitations due to
competition or to killing of cubs by adult males and
resource competition (Shaffer 1978, McCullough
1981, Stringham 1983).
The difference in methods between McCullough
(1981) and Stringham (1983) do not pertain to the
outcome of hypotheses testing, which is the same.
Stringham criticized use of R/N on N regressions
because these regressions show some negative slope
in the absence of a relationship. However, this bias
has long been known, and Ricker (1975:352) observed,
"However, when a relationship of some consequence does actually exist, the random component
adds little to the slope of any straight line that is
fitted. There is usually excellent (though not perfect) agreement between predictive regression lines
fitted by this method and those fitted by direct
minimization of the sums of squares of deviations
from the parabola of the expression ..."
Y = aX + bX2
Stringham (1983) advocated using natural log
transformations in regressing number of cubs (or
yearlings or 2-year-olds) on number of adults or adult
males according to the expression lognY = a + b
logX. However, this transformation also introduces
a systematic bias (Finney 1941, Baskerville 1972,
Whittaker and Marks 1975, Payandeh 1981, Sprugel
1983). This bias is 10% or less, but this is equal to
or greater than the biases in R/N on N regressions,
and it is a debatable point as to which bias is preferable.
A criticism of the regression procedures of McCullough (1981) and Stringham (1983) is the treatment of number of adults and number of adult males
on the X-axis as measured without error. If there is
variance in measurement, a Type II regression model
(Sokal and Rohlf 1969:481) should be applied, as was
done by Shaffer (1978, 1983) for a proportion of
females with litters and mean litter size. Some error
was certainly present in the estimation of number of
adults and number of adult males by the Craighead
research team. Still, the high internal consistency of
their results, with only 1 clearly impossible value,
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where number of 3- and 4-year-olds greatly exceeded
the sum of the 2 antecedent classes (McCullough
1981), leads me to conclude that such errors were
minor. Furthermore,because Type II regressionsgive
negative slopes (b) that are steeper than Type I (least
squares) models, any negative bias in R/N on N
regressions is already in the direction obtained by
Type II regression models. Calculation of the Type
II regression for R/N on N for cubs gave a slightly
greater slope (-0.0092) than for the least squares
regression (-0.0086), but the equations were quite
similar (Type II, Y = 1.1562 - 0.0092X; least
squares, Y = 1.1057 - 0.0086X). Comparison of
observed reproductive rates for 1959-67 and 196870 with reproductive rates calculated from R/N on
N regressions give a minor difference in slope with
least squares regression being slightly more negative.
Therefore, slope may have been overestimated by
least squares regression and the even steeper slope of
the Type II regression model seems ill advised.
Selecting the best regression method is difficult.
None can be declared statistically superior because
all have potential or actual biases that cannot be
precisely evaluated. However, because all of them
give the same result of hypothesis tests for density
dependence, the selection of the preferred method
can be based on pragmatic grounds: (1) do they represent a reasonable fit to the observed data and (2)
do they give reasonable predictions if extended beyond the range of values included in the data set?
Figures 1 and 2 show that all 3 regression methods
give similar fits over the range of the observed data.
Only the Craighead et al. (1974) assumption of a
constant reproductive rate fails to fit the data points,
because it crosses perpendicularlyto the long axis of
the array of data points. The 2nd criterion of projection is important in modeling the grizzly bear population to predict response to population sizes beyond
the range of data points. Indeed, this is the major
motivation of modeling the data. Stringham's (1983)
regression equation proves unrealistic beyond the
range of the data set in either direction (Fig. 2).
Stringham (1983) applied dose response models
(Ricker 1975) to derive predictions beyond the data
set. Whether these forms of recruitment curves are
realistic for bears is unknown, but they are not typical
of most large mammals (Fowler et al. 1980; Fowler
1981a, 1981b). Projections of R/N on N for least
squares and Type II regression models are virtually
the same (Fig. 1), again reflecting the general similarity of the fit of the least squaresand Type II models
to the data set.
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(60 males:40females)was significantlydifferentfrom
50:50 (McCullough1981). Limited evidence suggested that sex ratio of cubs did not change with
changesin numberof adults. Knight et. al. (1982)
also reporteda cub sex ratioof 67 males:33females
for a sample of 24 cubs of known sex. Again the
samplesizeis small,butthe evidencesuggestsa malebiasedsex ratio of cubs. If these data are addedto
the Craigheaddata, there is a significantdifference
(P = 0.04) from a 50:50 sex ratio of cubs. McCullough(1981) furtherreportedthat sex ratio of
adults changedwith numberof adults, with males
increasingas numberof adultsincreased.

NO. ADULTS
Fig. 1. Cub recruitment plotted on adult population size observed by Craighead
team (closed circles) compared to different interpretations of the data: Craigheads (constant sloping line), Stringham (open circles), McCullough (solid
parabola), and Type II regression

(broken line parabola).

Shaffer(1978) reportedthat mean litter size was
negativelycorrelatedwith numberof adults in the
year of conception,and Stringham(1983) demonstratedthe same relationshipfor adult males.Thus,
populationdensityinfluencedthe reproductiveeffort
in year of conceptionas well as the subsequentrecruitmentof cubsto differentages.Stringham(1983)
achieved highest correlationsof recruitmentwith
adult males in both the year of conceptionand the
year of recruitmentas cubs.
Time Lags and OscillatoryPopulationBehavior
The inverse relationshipof juvenile recruitment
and numberof adults coupled with a delay of 1st
reproductionto 5-year-olds(Craigheadet al. 1974)
inevitablyresults in time lags that introduceoscillatorybehaviorin the population.Avrin(1976),using
the density-dependent
recruitmentequationssubsequentlypublishedby McCullough(1981)and an age
structuremodel similarto that of Craigheadet al.
(1974),ran simulationsthat resultedin a periodicity
of about20 years.McCullough(1981)concludedthat
including compensatoryadult mortalityshortened
the periodicityof oscillationsto about 10 years.
Sex Ratios
Craigheadet al. (1974)consideredthe sex ratioof
cubs to be 50:50becausesex ratio of the sampleof
78 cubs was not differentat P = 0.05. However,
consideringall juveniles,the differencein sex ratio

Influenceof Climateand Food Supply
Picton (1978) reportedthat meanlitter size of females with litters was correlatedwith an index of
winterseverityandfood supply,with meanlittersize
decliningas weatherwas moresevereor food supply
less abundant.Thisrelationshipwasfurtherexplored
by Picton and Knight (this volume). Inclusionof
Picton'sclimate index with the multipleregression
of percentof femaleswith littersand meanlittersize
on numberof cubs recruiteddecreasedsignificance
(McCullough1981).At 1st,this seemedto be a contradictoryresult,but the explanationseemsto lie in
the fact that meanlitter size accountsfor relatively
little of the total varianceand includes effects of
climate. Litter size is a variablethat can respond
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Fig. 2. Comparison of Stringham equation and McCullough equation for recruitment of cubs on number of adult males.
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rapidlyto local conditions,be it badweatheror good
food, by reproducingfemalesadjustinglitter size up
or down as circumstancesdictate. Conversely,the
moreimportantvariable,percentof femaleswith litters, reflects productivestate of the individualfemales;thosewithdependentoffspringcannotrespond
by furtherreproductiveeffort,only by survivorship
of previouslyconceived offspring.Although local
conditions probably influence age at weaning, a
longer time period again is involved. Primiparous
femalesmay achievesexualmaturityat an earlyage,
which might be a more immediateresponseto climate.Still,percentof femaleswithlittersin anygiven
yearrespondsmorecloselyand reflectsenvironmental conditionsover severalyears,whereaslitter size
can be adjustedto conditionsin the year of conception.

MinimumViable PopulationSize
Shaffer(1978, 1981,1983)usedthe Craigheaddata
to derive a model to test the minimumpopulation
sizesthatcouldbe maintainedin the faceof stochastic
variationin the environmentand variancein population response.He concludedthat a minimumof
30-70 bears(midrange50) was a reasonableapproximationof the populationsize thatcouldbe sustained
(i.e., not go to extinctionin 100yearsof simulation).
Subsequentrerunsof the model with correctionsby
Shafferand Fred Samson have led to an upward
adjustmentof the estimatesto 50-90 bears(midrange
70) (Shaffer,pers. commun.,1983).
However,it should be made clear that Shaffer's
model does not take into accounta continuinghigh
human-induced
mortalityrate.All authorsagreethat
the rate at which grizzly bears can be exploitedis
low, and it is a speciesthat is easily overexploited.
the differencebetweensustainableand
Unfortunately,
unsustainableexploitationinvolvesonly a few bear
deathsper year (McCullough1981).Thus, although
an overexploitedpopulationappearsto be adjusting
at the critical
throughdensity-dependent
recruitment,
point wherethe populationis reducedbelow the inflectionpoint on an S-shaped(but not symmetrical)
growthcurve,the populationdeclinesprecipitously.
Shaffer'sanalysis(1978, 1983),whichshowsthatpopulationsgreaterthanabout70 can be sustained,suggests that if an excessivemortalityrateis controlled,
a populationof 70 or greatershould be able to rebound.
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CONGRUENCE
ANALYSIS
If a populationsimulationmodel is derivedby
enteringthe seriesof fittedequationsforeachvariable
in the correctbiologicalsequence,model runs over
time should yield numericalresultsthat mimic the
observeddata. Becausethe equationsfor individual
sex and age classesmust yield resultsthat are compatiblewith the whole dataset, the equationscan be
cross-checkedfor accuracy.If the modelsimulations
andthe originaldataarenot in agreement,1 or more
equationscanbe adjustedto correctthe errantresults.
This is usuallydoneby adjustingthe equationsbased
on the weakestdata or poorestfit to be compatible
with those of the strongestdata or best fit. The rationaleis that those variableswith the poorestdata
or greatestassumptionsare morelikelyto be in error
than those with the strongestdata and fewest assumptions.
Thisprocedureoftenhasbeenreferredto as "model
validation,"but validation,meaningto test or prove,
can only come from model predictionsconforming
to an independentset of data. The procedureabove
can only test for fit of the model to the data from
which it was derived,and it is circularreasoningto
assumeproofof predictivepower.
The criteriafor acceptanceof the fit of the simulationmodelderivedfromthe Craigheads'datawere
as follows:
1. Numberof adults should vary from a high of
approximately100 to a low of approximately70.
2. Total populationshould vary from a high of
approximately190 to a low of approximately155.
Note that thesevaluesdo not representthe extremes
in the Craigheaddata (e.g., the highesttotal populationrecordedwas 202) but ratherthe typicalrange.
A model basedon the extremeswould "overreact."
In the Craigheads'
datafortotalpopulation,although
6 valueswere abovethe mean and 5 below, the deviationsabovewerelessthanbelow.Thus,the criteria
values were shiftedslightly below the extremesfor
highandlow valuesof totalpopulation.For numbers
of adults,3 observedvalueswerearound100,whereas
only a single value (59) fell below 70, and 4 were
about 70. Therefore59 was treatedas extremeand
70 was adopted.Note that there is no implication
that theseobservedextremeswerein error,although
samplingerrorcertainlywas presentto some degree;
the pointis thattheyappearto exaggeratethe typical
distributionof values.Becausethe criteriacannotbe
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stated exactly, minor discrepancies were not cause
for rejection.

Simulation Procedures
Simulations began with the number of adults as an
input value. The new number of adults was used as
the X value to derive recruitment rates of cubs, yearlings, and 2-year-olds by regressions given in McCullough (1981) and multiplied by X to get number
of recruits in the respective age classes. The number
of combined 3- and 4-year-olds was derived by their
relationship to the antecedent age class of 2-year-old
bears in the 2 previous years (McCullough 1981). An
average of 54% of these combined 3- and 4-year-olds
was assigned to 3-year-olds based on extrapolation
from survivorships of younger age classes to survivorship of adults based on results of Craighead et al.
(1974) and Cowan et al. (1974). All values were constrained to not less than zero, rounded to the nearest
whole individual, and could not exceed the number
in the antecedent age class in the previous year. At
each yearly iteration of the model, 4-year-olds of the
previous year were assigned survival rates of adults
and incorporated into the adult class. Changes in
adult numbers resulting from recruitment of 5-yearolds minus adult deaths during the Craighead study
period were derived from the regression of 3- and 4year-olds/2 on change in adult population size
(McCullough 1981). Because 3- and 4-year-olds were
combined in the Craigheads' data, there was no objective way to sort them, and the simplest treatment
was to assume they were in equal numbers. Craighead
et al. (1974), Avrin (1976), and McCullough (1981)
concluded that about 10 adult deaths were the average, or "background,"mortality per year over the
period of study despite the use of different methods
of analysis. Total population was the sum of all age
classes.
Gender was assigned to adults by deriving the percentage of males by the equation Y = 5.935 + 0.4812
X (total population) (McCullough 1981). Because
data on mortality by sex for juvenile age classes were
insufficient, assignment of mortality by sex for age
classes was not attempted. Nevertheless, differential
mortality of male juveniles in large adult populations
is necessary given an apparently constant sex ratio
in cubs and predictable sex ratio shifts in adults as
adult population size changes (McCullough 1981).
The initial runs of the simulation using the background mortality of adults were arbitrarilystarted at

100 adults. The starting values were not important
because the objective was to run the model until
equilibrium was achieved. Therefore, so long as the
starting value was great enough to avoid extinction,
the same equilibrium would be achieved but at differing times. With the starting value of 100 adults,
it took 27 years to reach equilibrium.
The 1st simulation resulted in number of adults
and total populations higher than the values set as
criteria for acceptance. These could be corrected by
decreasing the recruitment rate or decreasing the
slope of the regression of 3- and 4-year-olds/2 on
change in number of adults. Because the analysis
presented earlier for recruitment of cubs suggested
that a steeper slope was not justified and because this
data set was strong, this parameterwas not changed.
By contrast, most of the values in the 3- and 4-yearolds/2 on change in adult population clustered
around the midpoints on the Y and X axes, and the
survivorship of 3- and 4-year-olds was based on extrapolation from 2-year-olds to adults. Therefore, although the program steps were complex in assigning
animals to 3-, 4-, and 5-year-olds, in essence, the 3and 4-year-olds/2 on change in number of adults was
changed by "rotating"the slope of the equation about
the midpoint at 0 change in adult numbers (which
includes a background mortality of 10 adult bears
per year) until simulations gave values that matched
the established criteria for number of adults and total
population size. Essentially this procedure required
the 3- and 4-year-old age classes to conform to the
data on oscillations in numbers of cubs through 2year-olds on 1 side and adults on the other. No other
changes in the model were required.
Once the model was developed for a background
mortality of 10 bears per year, higher mortalities were
imposed to test the population's capability to sustain
increased kills. Kills were taken from the adult segment of the population. Spreading the induced mortality over juvenile classes as well would change the
result somewhat, because the increased mortality of
young bears would involve a time lag in decline of
the adult population. Hence, there would be a lag in
the density-dependent response of cub recruitment.
Therefore, it would take longer for such a model to
come to equilibrium at a sustainable kill, but once
there it would be similar in response to adult kill
model. In kills greater than can be sustained, induced
juvenile mortality would result in a slightly earlier
time of extinction because of the delay in the expression of density-dependent recruitment.
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Model Simulations
Equilibriumvalues of the model with averagebackground mortality rates are given in Table 1 and Figure
3. The model showed oscillatory behavior with a
period of 19 years. Total population varied from 191
to 149, whereas number of adults ranged from 104
to 67. Because of time lags, there were many cases
where younger age classes were lower in number than
older classes (Table 1).
The time lag in density-dependent recruitment,
adult mortality rate, and 4 years to sexual maturity
is the driving force in the oscillatory behavior of the
population (Fig. 3). These variables result in a lag of
3- and 4-year-olds/2 on change in adult population
as shown in Figure 4. If 3- and 4-year-olds are recruited in numbers greater than 10, the number of
adults increases. The number of 3- and 4-year-olds/
2 recruited reaches an upper limit of 14.5 and persists
at that level until numbers of adults exceeds 100.
Thereafter, 3- and 4-year-olds/2 declines, followed
by a decline in number of adults as recruitment fails
to replace background mortality. The adult mortality
over the 19-year period ranges from 9 to 13 per year
with more low values than high to give the average
of 10.
Survivorships can be obtained from Table 1 for
time-specific (horizontal) life tables by reading across
by year and dynamic (vertical) life tables by reading

Table 1. Simulation of population size and sex and age composition

Year
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Fig. 3. Simulationof McCulloughmodel showing sex and age composition of
the populationand oscillation In populationnumbers (stable limitcycle) with
a backgroundmortalityof 10 adult bears per year. Age classes are Indicated
for 0-4 year old bears, and combined 5 years and older (adult)for each sex.

diagonally for year class cohorts. Time-specific tables
differ from dynamic tables, as do each from adjacent
tables of the same kind. This is because recruitment
and survivorshipare constantly changing in the stable
limit cycle, and no given age structure persists for
any length of time. Sex ratio of adults shifts with the
oscillations (Fig. 5). Introducing a fixed number of
mortalities resulted in dampening of the amplitude
of oscillations (Figs. 6 and 7, Table 2), as previously

over 1 oscillation of Yellowstone

grizzly bear model with average background mortality.

Total
population

No.
cubs

No.
1.5

No.
2.5

No.
3.5

No.
4.5

No.
adults

No. ad.
males

No. ad.
females

191
190
190
188
186
181
173
164
155
150
149
152
158
168
178
186
188
190
191
175

33
31
30
28
26
24
23
22
23
26
30
33
35
35
35
35
34
34
33
30

24
23
22
20
18
16
14
13
12
13
16
20
23
26
27
27
26
25
24
20

23
21
19
17
15
12
9
6
5
4
5
10
15
20
23
25
25
24
23
16

16
16
16
16
16
15
12
9
6
5
4
5
9
13
16
16
16
16
16
13

13
13
13
13
13
13
12
10
7
5
4
3
4
7
10
13
13
13
13
10

82
86
90
94
98
101
103
104
102
97
90
81
72
67
67
70
74
78
82
86

38
41
45
48
52
54
56
57
55
51
45
37
29
25
25
27
31
34
38
41

44
45
45
46
46
47
47
47
47
46
45
44
43
42
42
43
43
44
44
45
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Fig. 4. Time lag In relationship of 3- and 4-year-olds recruited and change In
adult population size as derived from the simulation model.

reported by Avrin (1976). Fixed mortalities of up to
10 per year resulted in a progressive dampening of
oscillations, whereas 12 mortalities led to gradual
extinction of the population (Fig. 6). Mortalities
higher than 12 lead to increasingly rapid extinctions.
This more detailed and conservativeanalysis (because
extreme population sizes were excluded) gives about
20 as maximum sustained yield for the Craighead
data, which is slightly less than 24.5 estimated by
McCullough (1981). It should be remembered that
because this simulation model averages the population studied by the Craigheads it is conservative.
Therefore, although it mimics the behavior of the
population during this period, it underestimates the
extremes that are introduced in the actual data by
stochastic events that result in strong or weak year
classes and modify survivorship.Stochasticity lowers
the accuracy of the model predictions year by year
but does not influence long-term predictions, because
most of the stochasticity is included in derivation of
the average values for the model. However, as one
approaches the maximum sustainable fixed mortality
rate, stochastic events will have a large impact, because by chance, the population may be reduced below a size from which it can recover (McCullough
1979, 1984).

heads' data. The percent of adult females with litters,
a more reliable predictor, has proven impossible to
obtain in recent research. Thus the conclusion that
reproductiverates have declined (Knight 1983) based
on low mean litter sizes may be misleading because
it might be offset by a higher percent of females with
litters. This is particularly true because there was no
relationship between mean litter size and percent of
adult females with litters (r2 = 0.014, P = 0.71) in
the Craigheads' data.
Furthermore, the correlation of mean litter size
and number of adults in the same year was negative
and not quite significant. However, mean litter size
is significantly negatively correlatedwith the number
of adults in the previous year when they were bred
(P = 0.02) (Shaffer 1978). Therefore, the trend is for
high mean litter sizes to be associated with low adult
population sizes and vice versa, as one would expect
from a density-dependentresponse. A recent concern
is an apparently high adult mortality rate in the ecosystem. If, in fact, the adult mortality rate is high,
the reduced adult density should be reflected in high
mean litter sizes. Therefore,an increase in mean litter
size may be cause for concern rather than optimism,
and decline cause for optimism. Given that population simulations with low mortality rates are oscillatory and those with mortality rates near the
sustainable maximum are stable (Figs. 6 and 7), are
not mean litter sizes with fluctuating trends over time
a better sign than those showing stability over time?
In conclusion, litter sizes can be interpretedas a good,
bad, or indifferent sign about the status of the population. In the face of uncertainty we are forced to
be prudent and interpret low mean litter size as a
bad sign.

80-

RELEVANCEOF THE CRAIGHEADS' DATA TO
CURRENT RESEARCH
Understanding the data collected while grizzly
bears were concentratedat garbage dumps gives little
comfort when interpreting the current results of the
InteragencyResearch Team (Knight et al. 1982). Few
parameters can be obtained from the very dispersed
current population. Mean litter size, a statistic that
has been obtained, showed only a weak correlation
to the actual number of cubs recruited in the Craig-
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SATURATIONTRAPPING FOR PETERSEN
ESTIMATE
The Interagency Research Review Committee
(Kilgore et al. 1981) recommended making an intensive marking effort to derive a population estimate
by the Petersen estimate method. Clearly much more
would be learned in such an effort in addition to the
population estimate, but it would be expensive and
there is some risk of the marking attempt intruding
on the well-being of the grizzly bears.
Petersen estimates are quite sensitive to heterogeneity biases (White et al. 1982). Heterogeneity refers
to unequal catchability and observability of sex and
age classes. McCullough and Hirth (unpubl. data)
have shown that for white-tailed deer (Odocoileus
virginianus)on the George Reserve in Michigan the
catchability of sex and age classes varied with deer
behavior, and observabilitydiffers markedly with differential use of habitat types. All of these problems
are likely to occur with Yellowstone grizzly bears.
Assuming that such difficulties can be overcome,
there remains the problem of interpreting a single
point estimate. Consider a point estimate of 150 or
greater: this could represent any of the cases shown
in Figure 6, including the case that is leading to
extinction. Therefore, a point estimate verifies the
population size at that point in time, but it does not
give a future projection. Figures 4 and 6 show that
given the slow population response and long time
lags of grizzly bears, a considerable series of point
estimates over time is required to determine popu-
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lation behavior. The Craigheads' data are valuable
because they include such a long time series. Any
given year of data would have been difficult or impossible to interpret in terms of age structure, sex
ratio, density dependence, or reproductive and survival rates.
In conclusion, a point estimate of grizzly bears in
Yellowstone Park would be expensive, subjectto bias,
and likely to have broad confidence limits. Even if
precise and accurate, such a point estimate would be
difficult to interpret in regard to population trend.
Obtaining such estimates over a sufficient period to
give reliable trends would be inordinately expensive
and may require an unacceptable intrusion into the
bears' lives.
AN ALTERNATIVEAPPROACH TO
POPULATIONASSESSMENT
Because all obtainable population data are uncertain, we are being kept in a perpetual state of concern
that this population may be becoming extinct. This
dictates the need to find a method of monitoring the
Yellowstone grizzly bear population that is sensitive
to detection of serious error, that is, a method that
unambiguously indicates when the population is seriously threatened.
Most thinking thus far has been directed toward
deriving a point estimate of the population when, in
fact, a "1-tailed" test approach may be more fruitful.
It may be more valuable to know for certain that
there are no fewer than X number of bears in the
population than to have a point estimate of X with
its estimated variance. Biologists will argue about
biases in the data and statisticians about the appropriate mark-recapturemodel. Interest groups will argue about the variance. Thus if the estimate is 250
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Table 2. Simulation of population size and sex and age composition
bears per year.

Year

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
x=

over 1 oscillation of Yellowstone

grizzly bear model with an induced mortality of 10

Total
population

No.
cubs

No.
1.5

No.
2.5

No.
3.5

No.
4.5

No.
adults

No. ad.
males

No. ad.
females

187
186
185
184
182
181
180
179
178
178
178
179
179
180
182
183
184
185
186
186
187
182

31
31
30
30
29
29
29
29
29
30
30
31
31
31
32
32
32
32
32
31
31
31

22
21
21
20
20
19
19
19
19
19
20
20
21
21
22
22
22
22
22
22
22
21

18
17
16
16
15
15
14
14
14
14
14
15
15
16
16
17
18
18
18
18
18
16

16
16
16
15
15
15
15
14
14
14
14
14
14
15
15
15
15
16
16
16
16
15

13
13
13
13
12
12
12
12
11
11
11
11
11
11
12
12
12
12
13
13
13
12

87
88
89
90
91
91
91
91
91
90
89
88
87
86
85
85
85
85
85
86
87
88

42
43
44
45
46
46
46
46
46
45
44
43
42
41
40
40
40
40
40
41
43
43

45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45

bears ? 100 (0.95 confidence level), outfitters, hunters, and sheep grazing permitteeswill argue that there
may be as many as 350, whereas protectionists will
argue that there may be as few as 150. The latter
possibility will keep anyone interested in Yellowstone
grizzly bears nervous, particularly if there is reason
to suspect bias due to heterogeneity, or if they dwell
on the luck of the draw, the 1 in 20 chance of the
true value falling outside of that interval.
It is these considerations that prompt me to propose a monitoring scheme based upon a minimum,
unduplicated count of bears. Based on aerial flights,
Knight et al. (1980) reported unduplicated counts of
100-138 bears from 1974 to 1978. Unfortunately,
these counts were confused by varying effort in flying
time and area coverage. What I propose is developing
a standardizedset of routes and flying times to equalize the effort between years of counts of unduplicated
bears. Developing the sampling system would require
experimentation to determine the number of routes,
number of flights replicatingthe routes, times of year,
and so forth to optimize the cost and effort in obtaining the unduplicated count. This system could
then be used year after year to monitor the size of
the grizzly bear population. The unduplicated count,
in conjunction with mean litter size, known mortalities, and so forth could constitute an ongoing program of affordable cost and reasonable security. As

an aside, it should be noted that some measure of
effort in determiningmortality is needed. The natural
tendency is to watch mortality more closely when
the grizzly bear population is perceived as threatened,
and it is difficult to tell if there has been an actual
increase in the number of mortalities or a greater
proportion of mortalities has been recorded because
of increased effort.
Ideally a standardized unduplicated count would
be correlated with Petersen or other estimates of the
population to derive a correction factor to convert
the unduplicated count to total population. But the
value of the unduplicatedcount is that it sets a bottom
limit, a verified minimum number of bears present
in the ecosystem. If, in fact, minimum unduplicated
counts of over 100 grizzly bears-one-third to onehalf of the total bears estimated to be present-can
be obtained, they would ascertain the presence of a
viable population. Serious changes in the counts
would then be detected while there was still time to
act. (This figure is above the minimum viable population suggested by Shaffer [1983].)
A MANAGEMENTSTRATEGY
Here I am referring only to population management. Clearly protection and maintenance of suitable
habitat underlies all that is done in the way of pop-
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ulation management, and I am assuming that habitat
will remain reasonably constant.
Much of the problem with population management
of Yellowstone grizzly bears traces to ambiguity in
estimates of population size. Whether number of mortalities is critical depends on population size. Biologists have not been able to agree on the status of the
grizzly bear population, and these arguments are
likely to continue given the error in population estimation. Resource managers have been confused by
this situation and have been reluctant to make tough
decisions that favor grizzly bears when the need for
such measures is questionable, particularly because
of the volatile political and economic issues associated
with such decisions.
A more workable strategy might be based on a
minimum unduplicated count. Biologists should be
able to agree that a minimum number of bears have
been documented, even though they continue to argue
over what proportion of the total population the minimum represents. Assuming that such a standardized
system could be developed, management plans could
be tied to a threshold number of bears. As long as
the unduplicated count exceeded that number, routine management practices could be followed. However, if the unduplicated count fell below the
threshold number for whatever reason (an actual decline in the population or failure of bears present to
be counted), stringent management policies could be
implemented. Actions might include canceling grazing permits, closing bear hunting seasons in surrounding areas, increasing enforcement, and greater efforts
to save and rehabilitateproblem bears. Such a system
should motivate users who are antagonistic or indifferent to grizzly bears to limit the number of mortalities, because depression of the grizzly bear
population with resulting unduplicated counts below
the threshold number would result in severe restriction on their uses of grizzly bear habitat.
Obviously this suggestion can be no more than a
proposal at this time. It remains to be seen if a standardized monitoring system based on a minimum
number of bears can be effectively developed and
implemented. Assuming it can, negotiating a threshold number and persuading various agencies to abide
by such a management system will require a rare
level of statesmanship. Nevertheless, any alternative
must be weighed against present practice. The current
state of grizzly bear management in the Yellowstone
ecosystem is hardly satisfactory and does not assure
the long-term survival of the population.
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