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Simple Summary

Conservation efforts depend on accurate information to justify their implementation. His-
torical numbers and distribution often are used to promote conservation needs, but such
information seldom is questioned. Historical information must be vetted and, if not ques-
tioned, can lead to the vilification of scientists or affect the credibility of conservation
advocates. Such is the case with bighorn sheep, for which the historical estimates of num-
bers and distribution—and densities associated with those parameters—have not been
scrutinized carefully since being derived near the beginning of the 20th Century.

Abstract

There is little question that the distribution and numbers of large mammals have been
altered by human activities. In North America, native ungulates have declined substantially
since the mid-1800s. There is no baseline, however, against which to measure the magnitude
of changes aside from anecdotal accounts or published information derived from a single
location at a single point in time and extrapolated to derive a continent-wide population
estimate. One example is bighorn sheep (Ovis canadensis), which were estimated to number
from 1.5 to 2.0 million individuals in 1850. The literature is replete with references to
those numbers, yet the derivation of that ‘estimate’ has not been formally questioned;
bighorn sheep, which are endemic to North America, currently number approximately
85,000 individuals. We combined basic math and logic to develop a simple model of
population density at differing scales and examined results reductio ad absurdum to question
the estimate of 1.5 million bighorn sheep and the magnitude of the hypothesized decline
that followed. We evaluated the plausibility of bighorn sheep population densities that
must have existed at four spatial scales if there were >1.5 million individuals and argue
that such numbers likely never existed. Continued use of 1.5 million bighorn sheep as
a baseline against which to assess the magnitude of anthropogenic impacts is unwise,
inappropriate, and apt to become problematic in the context of the conservation of habitat,
populations, or restoration to historical ranges. Credibility matters in science, management,
and conservation.

Keywords: bighorn sheep; credibility; distribution; extirpation; historical ecology; Ovis
canadensis; population density; population estimate; scale
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1. Introduction

Ecological baselines are of great interest and are potentially of tremendous value
to scientists or resource managers attempting to evaluate or understand the effects of
anthropogenic perturbations on species or habitats [1-3], especially their role in extinction
processes [4]. Multiple disciplines are capable of providing insights into historical ecology
or earlier environmental conditions and can be combined to shed light on perplexing
questions [5,6], among which are “Why did a particular organism become extinct?” [4] or
“How many of a particular taxon existed before being affected by human actions?” One
such enigma is the number of bighorn sheep (Ovis canadensis; Figure 1) that occupied North

America circa 1850 but prior to the presumed losses that occurred thereafter.

Figure 1. Bighorn sheep (Ovis canadensis) are the most recognizable and iconic mountain ungulates
inhabiting North America. Photo is courtesy of Michael T. Pittman and used with permission.

Although wildlife populations in North America had been affected profoundly by
indigenous peoples for thousands of years [7] and more recently by the arrival of Spanish
explorers and their accompanying livestock [8-10], it was the extension of the railroads,
passage of the Homestead Act in 1862, and the resulting westward human expansion
that brought about the greatest effects on native species and their habitats [11], including
bighorn sheep. It was nearly 100 years ago that Seton [12] estimated that from 1,500,000
to 2,000,000 bighorn sheep inhabited North America circa 1850. Since then, few have
questioned those numbers, and only Welles [13] has shed any light on the methods used to
arrive at that conclusion. In the absence of checks and balances, investigators cannot assure
information is meaningful or has been presented accurately [14], stimulating our review of
this process.

The number of individuals comprising a population is among the most basic of demo-
graphic data, and effective wildlife management is hindered without reliable information
on population size, dynamics, or movements of the animals concerned [15]. Thus, the
questions, “How many of them are there?” and “How many of them were there?” are
directly relevant to conserving extant populations and to restoring endangered—or other
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special-status—species [16]. Answers to these questions vary with spatial scale and can
involve a multitude of factors, including contractions in distribution, extinctions, numbers
of populations, population size, colonization and extinction rates, and others [17].

Among extant populations, the best we can hope for is a census (i.e., the total number
of individuals comprising a population), but biologists generally are pleased with estimates
of high precision. A highly precise estimate, however, is not necessarily synonymous
with an accurate estimate [18], and high levels of precision may not be necessary for
management or restoration purposes [19,20]. A census is possible, however, only when the
population or taxon of interest is so small in number and its distribution so well understood
that investigators can be confident that every individual can be tallied. Indeed, the total
number of individuals comprising an extant taxon could be determined by counting and
summing the number of individuals comprising every subpopulation of a particular taxon
at a specific time. With few exceptions [21-23], including the Endangered California
condor (Gymnogyps californianus) and Sierra Nevada bighorn sheep (O. c. sierrae), complete
enumerations are unlikely. Further, in the absence of marking and accounting for every
individual, investigators cannot be certain of the number of animals present in a specific
area at any given time [24]. The widespread geographic range of bighorn sheep (Figure 2)
precludes any opportunity to do so.

Deriving an estimate of the number of a particular taxon that existed long before
the present is a virtual impossibility, and Ernest Thompson Seton [12] was among the
first to do so. Several of his population estimates are still considered credible, and he
further presented information on distributional ranges and reconstructed original ranges
for several North American species. Seton did not have the benefits available to modern
investigators, but his pioneering efforts warrant continued recognition. It was without
equivocation, however, that Seton [12] asserted, “... it is very safe to assume [emphasis
added] the primitive number [of bighorn sheep] at between 1,500,000 and 2,000,000”, but
he did not associate a specific date with that proclamation. He emphasized, however, that
“Opver this immense area of 2,000,000 square miles, wherever mountainous [emphasis added],
the Bighorn (sic) was plentifully distributed as late as 1870” [12]. A number seemingly
consistent with the unverified ‘facts” about bighorn sheep was provided by Grinnell [25].

Thirty years later, Buechner [26] clearly credited Seton [12] with the statement that
between 1.5 and 2.0 million bighorn sheep occupied North America near the beginning
of the 19th Century and that the principal reduction in numbers occurred in the latter
one-half of that century. Although likely unintended, those numbers have become—and
remain—firmly established in the literature, but with Buechner [26] in lieu of Seton [12]
most often cited as the source. Buechner [26] continues to be referenced as the authority
substantiating a massive decline in the number of bighorn sheep since 1850, as evidenced
by many others [27-41].

Shortly after the publication of Buechner [26], Welles [13] raised questions about the
methods used by Seton [12] to derive his population estimate, and further questioned why
Buechner had accepted that ‘estimate” without scrutiny. We first became aware of that
critique more than 40 years ago, but have never encountered either the mention of or a
citation of Welles [13] in the literature. Neither have we come across any other reference
questioning the methods described by Seton [12] who wrote

“Some idea of the primitive number of Sheep (sic) may be formed from the
population in Glacier National Park. In 1916, I spent some weeks camping in
the Park (sic), and after using all sources of information, calculated that the
2500 square miles of the Park (sic) contained not less than 1500 Sheep (sic). In the
official Report (sic) this estimate of mine was raised to 2000, or about 1 Sheep (sic)
to the square mile of this possible territory”.
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“The Park (sic) is far from ideal range. It contains very little true Sheep (sic) pasture
of the kind that they sought a hundred years ago. One can travel about a whole
month, as I proved in 1916, and never see a Sheep (sic). In the Big Horn Basin,
judging by Lewis and Clark’s accounts, and those of later travelers, Sheep (sic)
may have been ten times as numerous [emphasis added] as the above Park estimate.
Offsetting this, however, is the sparse population of the arid desert regions.”

Figure 2. The hypothesized distribution of bighorn sheep (Ovis canadensis) in western North America
circa 1850 included parts of two Canadian Provinces, 15 of the conterminous Unites States, and seven
states in Mexico. Adapted from [42].

From this description, Seton concluded that the number of bighorn sheep that occu-
pied North America circa 1850 was between 1.5 and 2.0 million individuals [12]. These
numbers were accepted widely but without scrutiny, and since 1960 have been attributed
almost universally—albeit erroneously—to Buechner who wrote, “Judging from former
distribution and published records referring to abundance given in the sections to follow on
past and present status, it seems that Seton’s (1929:535) estimate [emphasis added] of one and
one-half to two million individuals for the whole species, including populations in Canada,
United States, and Mexico, is entirely possible as a pristine level of abundance” [12,26].

Despite the cautions raised [43], and in the absence of any critical evaluation, Bandy
concluded that, “... only 1% of their pristine numbers [of bighorn sheep] have survived
100 years of ‘progress’ in North America” [44]. Shortly thereafter, Manville stated unequiv-
ocally that, “Buechner (1960) [26] concurs [emphasis added] with Seton’s [12] estimate
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of 1,500,000 to 2,000,000 bighorn sheep on the continent [of North America] early in the
nineteenth century” [29]. Wagner further suggested the number of 1.5 million bighorn
sheep was an overly conservative estimate [45].

Since then, the authors of countless scientific papers, chapters, agency reports,

‘gray’ literature, newspaper articles, popular articles, theses, and dissertations have cited

Seton [12] or Buechner [26] as evidence of massive population declines of bighorn sheep.
Now considered tertiary sources, many of the same authors continue to be cited as further
documentation in efforts to emphasize conservation strategies. Opponents of such efforts,
however, have not yet questioned the origin of the potentially spurious numbers [12],
the use of the secondary source [26], or the abundant tertiary sources that are cited to
substantiate the magnitude of the decline.

A continuing failure to question the validity of Seton’s ‘estimate’ [12] has the potential
to be used to vilify dedicated scientists and ultimately could have serious consequences
for conservation [46]. Indeed, a population decline of 99% based on a potentially flawed
baseline begs the question of scientific credibility and thereby becomes a compelling reason
for questioning current land-management recommendations [47]. The credibility of any
decline that relies on Seton’s estimate [12] as a baseline should not remain unquestioned;
in the absence of scrutiny by concerned scientists, the unsubstantiated magnitude of the
decline provides fodder that can be used to undermine recommendations on behalf of
bighorn sheep conservation.

We are in no better position than was Seton [12] to derive an estimate of the number of
bighorn sheep present in North America circa 1850, and it is not our intent to disparage his
earlier effort or to produce a more plausible historical estimate. Instead, we examine the
distribution of bighorn sheep at four different scales and calculate the population densities
that must have existed in North America if >1.5 million bighorn sheep had occupied
the continent prior to substantial declines in distribution and numbers. Our objectives
are to (1) explore the weaknesses in the methods used to derive Seton’s estimate of the
number of bighorn sheep occupying North America circa 1850; (2) examine the population
densities that must have existed at several spatial scales; (3) question the plausibility of those
densities; (4) emphasize the ramifications of using potentially questionable information
to support recommendations for conservation; and (5) encourage additional investigators
having access to sophisticated software and mapping technologies to further explore the
question the number of bighorn sheep that once occupied North America and perhaps
derive a more plausible estimate.

2. Methods

To reach his conclusion, Seton calculated a density of 1 bighorn sheep for every
square mile (i.e., 0.39 individuals/km?) of Glacier National Park, whether it was occu-
pied by bighorn sheep, and then extrapolated that density—while maintaining it as a
constant—throughout the geographic range of the species [12]. He considered that area to
be 2,000,000 square miles (5,180,000 km?), assumed that density to be homogenous across
the geographic range, and extrapolated it to a continent-wide scale (i.e., all bighorn sheep
inhabiting Canada, the United States, and Mexico combined), thereby concluding that up
to 2 million bighorn sheep occupied the continent circa 1850 [12].

We used a similar approach and assumed a homogeneous density (0.39 individuals/km?)
of bighorn sheep at each of the spatial levels we considered. We explored changes in density
at those scales, assuming that the continent-wide number of bighorn sheep remained
constant at each, and evaluated those results in the context of Seton’s population estimate.
We considered 1.5 million bighorn sheep to be the most reasonable ‘estimate’ to question;
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if the calculations indicated 1,500,000 bighorn sheep was implausible, consideration of a
population numbering up to 2 million bighorn sheep would not be necessary.

We conducted an extensive literature review to evaluate the historic distribution and
concomitant population densities of bighorn sheep, and to obtain similar information
for contemporary populations. We also relied on multiple, readily available electronic
sources to obtain land surface areas of continental Canada, the conterminous United
States, and Mexico. We used the same type of sources to obtain land surface areas of
the 2 Canadian provinces, the 15 American states, and the 7 Mexican states inhabited
by bighorn sheep [48,49] circa 1850, and to obtain land surface areas of local or political
jurisdictions in each province or state (i.e., population census units [Alberta] or regional
districts [British Columbia] in Canada; counties [USA]; or municipalities [Mexico]) that the
literature indicated were inhabited by bighorn sheep at that time (Table 1).

Table 1. Land surface areas of the intranational jurisdictions, the sum of the total land surface areas of
the local jurisdictions that likely supported bighorn sheep within each intranational jurisdiction, and
estimated populations in 1850 had 1.5 million bighorn sheep been distributed homogenously across
each local jurisdiction, as done by Seton for the geographic range of the species [12]. The estimated
current population of each intranational jurisdiction and the percentage of the population estimated
in 1850 are included for comparative purposes only.

Intranational Jurisdiction Local Jurisdiction P Population Size
Province (P) Land Proportion Land 1850 Contemporary Data
or State (S) Area of (P) or (S) Area Calculated P Estimate % of 1850
Canada
Alberta 591,670 0.2051 121,358 35,142 9000 ik 17.1
British Columbia 925,186 0.4772 441,453 127,845 4250 1 33
Mexico
Baja California 71,450 0.7046 50,342 14,579 1700! 11.7
Baja California Sur 73,909 0.9494 70,171 21,404 1100 ™ 5.1
Chihuahua 247,460 0.6420 158,866 46,008 575 ™ 1.2
Coahuila 151,595 0.6553 99,347 28,771 gy m 32
Durango 123,317 0.0879 10,835 3138 om 0.0
Nuevo Leon 64,156 0.0616 3915 1134 om 0.0
Sonora 179,355 0.7301 130,943 37,921 6800 ™ 17.9
United States
Arizona 294,313 0.3333 98,104 4 28,411 6900 1} 243
California 403,932 0.5911 238,786 69,152 4500 i 6.5
Colorado 268,628 0.6922 185,940 53,845 7560 14.0
Idaho 214,314 0.4875 104,479 © 30,257 3400 11.2
Montana 376,978 0.7719 291,010 84,276 4748 1 5.6
Nebraska 199,098 0.2158 42,971 12,444 2151 1.7
Nevada 284,448 1.0000 284,448 82,376 9100 11.0
New Mexico 314,311 0.5700 182,290 57,291 2733 1 48
North Dakota 183,272 0.2311 42,364 12,269 490 1 40
Oregon 268,631 0.6149 165,176 47,835 5500 i 115
South Dakota 196,541 0.2666 52,395 15,175 3351 2.2
Texas 678,051 0.0752 50,997 14,769 530 1 3.6
Utah 212,752 0.9160 194,885 8 56,439 4919 1 8.7
Washington 172,348 0.5730 98,753 28,596 1600 1 5.6
Wyoming 251,488 0.8497 213,687 & 61,884 6987 11 11.3

2 Total land area of census units in Alberta and regional districts in British Columbia inhabited by bighorn sheep.
b Total land area of municipalities in Mexico inhabited by bighorn sheep. © Total land area of counties in the United
States inhabited by bighorn sheep. d Ocular estimate derived from [48,49]. ¢ Digitized from [26]. £ Every county
in Nevada presumably supported bighorn sheep. & All but 2 counties presumably supported bighorn sheep.
h Calculations are based the proportion of occupied jurisdictions in each province or state and the assumption
that 100% of each local jurisdiction supported 0.4500 bighorn sheep/ km?. 1 [47]7 [42] ¥ [50] ! [51] ™ [52].

We used these metrics to derive estimates of population density at 4 different scales
while assuming that 1,500,000 bighorn sheep were distributed evenly at each scale of inquiry.
Thus, we calculated and compared densities of bighorn sheep that would have existed
circa 1850 at (1) an international scale (i.e., the combined land areas of continental Canada,
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the continental United States, and the entirety of Mexico); (2) an intranational scale (i.e.,
the combined land areas of the 2 Canadian provinces, the 15 U.S. states, and the 7 Mexican
states that are or were inhabited by bighorn sheep as generally agreed upon [48,49];
(3) solely within the 5,180,000 km? considered to encompass the historic geographic range
of bighorn sheep [12]; and (4) the combined land areas of the local jurisdictions within
each province or state that likely were inhabited by bighorn sheep circa 1850. At this
scale, we examined topographic or digital maps, additional internet sources, literature,
or management plans, and relied on our professional judgement to assess whether or
not suitable bighorn sheep habitat existed within the local jurisdiction of interest. If such
were the case, we considered the total land area of each political jurisdiction to have been
occupied habitat.

We combined simple math and logic to approximate the densities of bighorn sheep
circa 1850 if the estimate of 1.5 million bighorn sheep [12] was plausible. We used an
iterative approach based on the various spatial scales while holding constant the assump-
tion that 1.5 million bighorn sheep had been present, and we considered 100% of the land
surface area to be occupied at each level of analysis. We then used that information to
construct a simple model of area-to-density relationships at these scales to visualize and
validate our thinking [53] with a density-area sensitivity analysis and incorporated an
approach termed reductio ad absurdum [reducing to absurdity] to question the estimate of
1.5 million bighorn sheep and the magnitude of the hypothesized decline that followed.

We used simple descriptive statistics and nonparametric tests to compare density
estimates of free-ranging populations on 6 year-round ranges, 5 seasonal ranges, and in
7 enclosed populations. Represented among these were two (desert, Rocky Mountain) of
the three putative clades of bighorn sheep [54], enabling further discussion of seasonal
nutrient availability and its consequences for population density, neither of which were
considered by Seton when making his calculations [12].

3. Results

Assuming 100% of the land area of North America was inhabited by 1,500,000 bighorn
sheep distributed homogenously throughout mainland Canada (~7,670,000 km?), the
conterminous United States (~7,685,000 kmz), and Mexico (~1,944,000 kmz), the mean pop-
ulation density would have been 0.0867 individuals/km?. Based on a simple, proportional
relationship between the land areas of each of these countries, Canada, the United States,
and Mexico would have been occupied by 44.3%, 44.4%, and 11.3%, respectively, of bighorn
sheep at that time.

When the distribution of 1,500,000 bighorn sheep is considered directly from land
area at continental, international, intranational, and local jurisdictional scales rather than
from a proportional perspective, bighorn sheep would have occurred at mean densities of
0.0867/km? at a continental scale, at 0.2224 /km? across the combined total land area of the
provinces and states inhabited by bighorn sheep, at 0.2896/km? across the geographic range
of the species, and at 0.4500/km? over the combined total land area of the local jurisdictions
inhabited by bighorn sheep in Canada, the United States, and Mexico (Figure 3).

Population densities for free-ranging populations or those maintained in large en-
closures were encountered infrequently in the literature. Nonetheless, we calculated
additional densities using information contained in several additional references (Table 2).
The contemporary mean density of free-ranging bighorn sheep on specific seasonal ranges
(% = 3.050/km?) was greater (U, =25, z = —1.73, P; = 0.042) than on year-round ranges
(% = 0.998/km?), but seasonal differences were not considered when Seton derived his
population estimate [12]. The mean density of free-ranging bighorn sheep on combined
seasonal and annual ranges (¥ = 1.931/ km?) naturally was far less (Ux =75, z = —3.26,
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P; <0.001) than that of enclosed populations (¥ = 17.499/ km?), some of which received
supplemental feed (Table 2).

20,000,000
18,000,000
16,000,000
14,000,000
12,000,000
10,000,000
8,000,000
6,000,000
4,000,000
2,000,000
0

Square Kilometers

0.5
0.45
04
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Population Density

North America States & Seton's Range Local
Provinces Jurisdictions

Total Area of Occupied and Unoccupied Habitat

Figure 3. A simple model of the relationship between land surface areas determined at various scales
(vertical bars) and the population density (red line) associated with those land surface areas. Land
surface areas at each scale include habitat that we assumed to have supported bighorn sheep in 1850
and the remaining area that would not have been occupied by bighorn sheep based on the current
literature and our professional judgement (see Section 2). Note also that the total area of North
America includes only the land areas of mainland Canada, the conterminous United States, and all of
Mexico, the three countries that encompass the historical geographic distribution of bighorn sheep.
Calculated population densities in this graphic are, at all scales, far lower than would have existed if
based only on habitat permanently occupied within the geographic distribution of the species.

Table 2. Densities of free-ranging bighorn sheep on seasonal ranges (¥ = 3.050 + 1.28 [SE]/km?) was
greater (U, = 25, z = —1.73, P; = 0.042) than on year-round ranges (¥ = 0.998 + 0.37/ km?) but was
not a consideration when Seton derived his population estimate [12]. The density of free-ranging
bighorn sheep for seasonal and annual ranges combined (¥ = 1.931 £ 0.066) was less (U, = 75,
z = —3.26, P; < 0.001 than that of enclosed populations (¥ = 17.499 + 8.67), some of which received
supplemental feed. Data for populations restricted to islands were not included in the analyses and
are presented only for comparative purposes. Population densities on annual, winter, or summer
ranges are identified as A, W, or S, respectively.

Area

Location (km2) Population Estimate Density Source
Tiburon Island, Mexico 2 1201 650 0.54 [55]
Wild Horse Island, MT 2 8.81 35 3.97P [56]
Carmen Island, Mexico 4 120 616 4.90 [57]
Old Dad Mtn, CA 2 1200 360 0.30 (A) [58]
San Gabriel Mtns, CA @ 70.5 700 8.05 ¢ (W) [59]
Whiskey Basin, WY @ 51.7 100 1.93 4 (W) [60]
Badlands, ND ? 384 351 1.46 € (A) [61]
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Table 2. Cont.
. Area . . .
Location (km2) Population Estimate Density Source
Jacumba Mins, CA @ 32 80 250 f(S) [62]
Santa Rosa Mtns, CA 2 65 84 1.29 (A) [63]
Santa Rosa Mtns, CA 2 36 70 1.94 (S) [64]
Santa Rosa Mtns, CA 2 70 58 0.83 (W) [65]
Fra Cristobal Mtns, NM 2 104 254 244 (A) [66]
Panamint Range, CA @ N/A N/A 0.128 (A) [67]
Baja California, Mexico ? 4450 1697 0.38 (A) [51]
Red Rock, NM M 6.19 70 11.31 [68]
Fort Robinson, NE M 2.02 25 12.37 [69]
Zion Nat. Park, UT M 0.32 22 68.8 [70,71]
Lava Beds, CA N 4.45 60 135 [72,73]
CEMEX, Mexico I 60 2001 3.3 [74]
DNWR, NV h 32 14 4.38 [75]
Virgin Mtns, AZ " 2.83 25 8.83 [76]

2 Wild, free-ranging population. b Ag recently as 2021, 130 bighorn sheep occupied Wild Horse Island, [77] but
that number has varied widely over time [78]; the current management objective is 100 animals. ¢ Mean density on

eight individual winter ranges. d Single winter range. ¢ Mean density on 14 annual herd ranges. f Summer range
as defined by distribution and availability of surface water. & [0.072 29/ km? + (0.70 5 /2% 0.072 9)] = 0.072 @/ km?
+0.050 & /km? = 0.122 bighorn sheep/ km?. I Fenced enclosure. ! Supplementary feeding. j Projected population.

4. Discussion

Bighorn sheep are among the world’s most recognizable large mammals, and
healthy and viable populations persist in North America because of active and visionary
management [79,80]. These mountain ungulates are among the most conservatively man-
aged large mammals occupying the continent [81] and have benefitted from many success-
ful efforts to restore them to landscapes from which they had been extirpated [82,83]. They
continue to be burdened, however, with a seemingly infinite list of challenges [84], among
which are habitat modification or habitat loss, pathogens associated with domestic livestock
or exotic ungulates, and competition for resources with non-native herbivores [85-88].

Aside from Demarchi [89], only Welles has provided a rationale for viewing Seton’s
population estimate with skepticism, but he did so in the absence of quantification [12];
hence, we offer the following. The area (Glacier National Park) wherefrom Seton derived
his ‘estimate” of up to 2.0 million bighorn sheep encompassed an expansive region in the
Rocky Mountains that included habitats not occupied by that species [12]; similarly, he
extrapolated his calculations to an international geographic distribution that included
vast landscapes not occupied by those specialized ungulates. To his credit, however,
Buechner later acknowledged [26] that, “. .. the number [of 1,500,000 to 2,000,000 bighorn
sheep] cannot be accepted as an absolute value [but] it does provide a credible background
[emphasis added] against which to compare current status”. That phrase, however, has
been overlooked by others who continue to use Seton’s estimate [12] as a baseline.

Ongoing efforts to conserve populations of bighorn sheep, or to restore them to suitable
areas, are dependent on support from advocacy groups, and the efficacy of those efforts is
dependent on the ‘facts’ used to bolster arguments in favor of such management actions.
Indeed, the management and conservation of wildlife is most apt to be successful if it
resonates with and is supported by the public [90]. Further, the “. .. objectives of applied
science, including wildlife management, entail providing data-based conclusions that assist
decision-makers and, ultimately, steer policies or actions towards desirable conservation
outcomes. Selectively focusing on a singular aspect ... using inappropriate metrics or
scales to bolster arguments falls short of those objectives” [91]. Thus, it is essential that
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reliable information is used to establish baselines against which changes are compared if
subsequent shifts are to be considered meaningful. Credibility matters!

Some authors previously have questioned Seton’s conclusion [82], albeit in the absence
of a rationale for doing so. For example, Wishart raised the issue in the context of the
distribution and abundance of undisturbed populations of bighorn sheep and argued—in
the absence of any evidence to the contrary—that the total number of O. canadensis in North
America never approached 1.5 million [92]. Similarly, Demarchi disputed the number of
1.5 million bighorn sheep—which he erroneously attributed to Buechner—and postulated
that it was perhaps 10-times too high because bighorn sheep occupy a fairly narrow habitat
niche, but he offered no further explanation [89]. Valdez specifically questioned Seton’s [12]
estimate and suggested the total number of wild sheep (O. canadensis and O. dalli combined)
inhabiting North America never exceeded 500,000 but did so absent further justification [52].
Others acknowledged that Seton’s estimate likely was too high, but also noted also that,
“. .. bighorn sheep may well have been the most common big game animal in mountainous
regions [emphasis added] [of North America]” [93] and several additional investigators
have emphasized the absence of reliable historical population estimates, but speculated
that the number of wild sheep inhabiting North America circa 1850 was likely in the
hundreds of thousands [39,77], again in the absence of supporting evidence. Recently, it
was emphasized that the number of bighorn sheep thought historically to have inhabited
North America remains unsubstantiated [94].

Our results are consistent with the notion that bighorn sheep could not have occurred
at densities allowing 1,500,000 bighorn sheep to have occupied the landscape circa 1850.
Indeed, the density that would have existed across every local jurisdiction having any proba-
bility of being inhabited by bighorn sheep would have been 0.45 individuals/km? (Figure 3).
On average, these local jurisdictions represent approximately 50% of the land area of all
states and provinces inhabited by bighorn sheep circa 1850 (¥ = 53.9% =+ 28.5% [SD]; range
6-100%), but the calculated density does not reflect the abundance of potential bighorn
sheep habitat within each local jurisdiction that could have been occupied; only the poten-
tial presence of suitable habitat is reflected in those calculations. When combined with the
narrow habitat niche of bighorn sheep [88,89] and the naturally fragmented distribution
of bighorn sheep on the landscape [95], these limitations indicate bighorn sheep must
have occurred at far greater densities in occupied habitat circa 1850 than currently is the
case. Some free-ranging populations for which density estimates were readily available are
greater than 0.45/km?; they represent, however, population densities in discrete regions
of occupied habitat (Table 2). In contrast, our calculated density for local jurisdictions is
based on the entire land area of all jurisdictions that, in our professional judgement, likely
contained at least some suitable habitat (Table 2, Figure 2).

Bighorn sheep indeed occupy a narrow habitat niche [82,83,88,93,96-99]. As a result,
these specialized ungulates exhibit a noncontiguous or naturally fragmented distribution
(Figure 4) across the landscape that is defined largely by mountain ranges or other topo-
graphic features and results in rather isolated populations [95,100-103]. Despite being
habitat specialists, Seton considered the population density he developed for Glacier Na-
tional Park to be universally applicable and extrapolated that density to every square
kilometer across the known range of O. canadensis, whether occupied by bighorn sheep
or not [12]. That density was later ascribed to the entire continent of North America [26],
potentially creating further uncertainty about its plausibility.
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Figure 4. Examples of the discontinuous distribution of bighorn sheep (Ovis canadensis) in the
conterminous United States. Black polygons represent the historical distribution of bighorn sheep in
California (upper left panel), white polygons represent the historical distribution of bighorn sheep in
Nevada (upper right panel), and the contour lines define the mountain ranges that were occupied
by bighorn sheep in Texas (lower panel), United States of America. Areas between the occupied
polygons in each map represent the unoccupied matrix of uninhabited areas between or among the
occupied areas. Each figure is based on the best available information and is included specifically to
emphasize the discontinuous distribution of suitable habitat across broad areas within the geographic
range of bighorn sheep. Images of California, Nevada, and Texas were adapted from previously
published material [102,104,105].

In addition to a naturally fragmented distribution, bighorn sheep—and ungulates in
general—possess life-history traits that make them more susceptible than other mammals
to environmental perturbation, extirpation, or even extinction [106,107]; among these are
slow-paced life histories and large body size [108], both of which previously had been
ignored [12,26]. In part, these traits make them especially sensitive to variation in nutrient
availability on a per capita basis. Ecological carrying capacity (K; the maximum number
of individuals a defined area can support indefinitely when limited by nutrients, water,
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amount of suitable habitat, and predation or disease [109-111]) and Nutritional Carrying
Capacity (NCC; the upper limit established on population growth that occurs when re-
source competition affects survival and reproduction [109]) both change with availability
of forage [19,20,99,112] and each of them is affected by, or has an effect on, population
density. Nutrient availability affects body condition of animals through integration with
other inputs and outputs [113] but K or NCC determines the number of animals any defined
area can support under a given set of conditions [114].

The amount of nutrients available to individuals comprising a population is further
affected by additional factors (e.g., weather, fire history, predation risk, behavioral char-
acteristics) and, ultimately, by population density in the context of those factors. Seton
recognized that the density of bighorn sheep in potentially less productive regions, such
as deserts, might be lower than that for Glacier National Park, but noted also that lower
densities in such areas might offset that calculated for the Park [12]. Not considered, how-
ever, was how K or NCC is affected by the size of the geographic area under consideration,
and the resulting proportion of suitable (i.e., occupiable) habitat occurring therein. Large
or vast regions are, indeed, apt to contain greater proportions of unsuitable or otherwise
unoccupied habitat than those that are smaller in size [59].

Our results emphasize how changes in spatial scale affect estimates of population
density (Figure 3) and point further to the importance of nutritional underpinnings to
behavior, habitat use, and ultimately to the demographic characteristics of large herbi-
vores [99,115,116]. Resource limitation in the context of population density was not consid-
ered previously [12] but should have been: Seton failed to acknowledge that the habitat
occupied by bighorn sheep in North America was not the same as the total geographic
range of the species. Although he acknowledged that areas of lesser primary productivity
likely would support fewer bighorn sheep than those of greater primary productivity, Seton
failed to recognize that a vast portion of its geographic range did not represent suitable
habitat [12].

Our analyses clearly indicate that bighorn sheep must have existed at highly improb-
able densities if earlier authors [12,26]—and those that continue to cite them as reliable
sources—had thought more critically about the method used to derive the estimated his-
torical population. Even some of the populations occupying the most productive habitats
would have been of lower density than those we calculated for local jurisdictions within
the geographic distribution of the species. Moreover, the area of occupied habitat within
each local jurisdiction in almost all instances would have been far less than the total area of
each such jurisdiction [59], further exacerbating the density given the assumption that all
suitable habitat then was occupied. For instance, information from an intensively studied
population of desert bighorn sheep occurring at Old Dad Mountain, San Bernardino Co.,
California [58,117] yielded a potential density of up to 2.02 individuals/km? (365 indi-
viduals/181 km?) when concentrated on female ranges during sexual aggregation, but a
density of only 0.11 bighorn sheep /km? (365 individuals /3330 km?) across the contiguous
geographic area available to the population as a whole and that clearly included vast areas
of unsuitable habitat that were not permanently occupied [58,117]. Albeit derived from a
single population, this example clearly illustrates the problematic nature of extrapolating
the number of bighorn sheep derived within a single area or at one location across the entire
geographic distribution of the species; the situation was exacerbated further in Seton’s time,
because he could not have known the actual distribution of bighorn sheep within their
geographic range.
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5. Conclusions

The goal of conservation management is to prevent species extinctions and involves
a variety of strategies [4], many of which have been employed successfully on behalf of
bighorn sheep. Among those methods are habitat enhancements, reducing competition,
management of pathogens, maintaining metapopulation function, and the restoration of
bighorn sheep to suitable habitat within the historic geographic range of the species [82,118].
These efforts have been undertaken largely without any knowledge of what the population
sizes or densities historically had been and yet continue to be cited [12,26] as documentation
that at least 1.5 million bighorn sheep occupied North America during the 1800s, absenting
any consideration of the consequences for programs to conserve or protect bighorn sheep
and their habitat.

We have presented compelling evidence that the densities of bighorn sheep that
would have existed had 1.5 million bighorn sheep inhabited North America during prior
times and before the massive westward expansion must be scrutinized in the context
of nutritional requirements, behavior, and habitat selection. Despite the conclusion [26]
that “Ample evidence exists to support Ernest Thompson Seton’s estimate of 1,500,000 to
2,000,000 bighorn sheep on the North American continent at the beginning of the nineteenth
century,” we argue that 1.5 million bighorn sheep cannot be considered a meaningful
baseline against which to compare current numbers. The continued use of the values
derived by Seton and popularized by Buechner [12,26] as evidence of the magnitude of
the decline in bighorn sheep jeopardizes the credibility of scientists and others supporting
conservation efforts while at the same time lending credence to the arguments of those
objecting to contemporary management strategies [46,119,120].

Students of historical ecology in general, and bighorn sheep in particular, must at
this point arrive at their own conclusions regarding the validity of the numbers posited
earlier [12], simply because some things that count cannot be counted [121]. Despite
this reality, concerned parties should not depend on unverified information to support
strategies that minimize the potential for pathogen transfer, reduce competition with
domestic livestock, or restore populations through translocation, and we owe a debt
of gratitude to Welles, who more than 60 years ago asked “What constitutes a reliable
observation?” [13].

Hopefully, our work will encourage additional investigators to further question the
number of bighorn sheep that historically occupied North America and provide addi-
tional insight into shifts in the distribution and magnitude of population declines that
have occurred since 1850. Doing so will entail a far greater understanding of the histor-
ical distribution of occupied habitat than currently is available and will be facilitated as
new technologies such as remote sensing, findings, and concepts continue to advance,
as has been the case in many disciplines [122]. Further insight and additional details
resulting from these advances surely will be in the best interest of conserving bighorn
sheep, because reliable interpretations are requisite for ecological understandings and use
in management [106,123]. In conservation, credibility matters.
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