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ABSTRACT

The Mogollon Highlands of Arizona and New Mexico is a uniquely biodiverse ecoregion that has been previously neglected by scientific studies.
Here, we delineate, map, and describe the area, and focus on two taxonomic groups—snakes and conifers—to exemplify the region. The Mogollon
Highlands Ecoregion (MHE), as described here, has potential to serve as a center of adaptation to changing climate. This, combined with its
inherently high biodiversity, merits its consideration as a conservation priority. We document the diversity and distribution of snakes in the MHE:
39 species were found, a species richness on par with the Madrean Archipelago (sky islands) of Arizona and New Mexico, a region known for its
high snake diversity. The MHE is also home to unique conifer diversity, with elevated levels of endemism and genetic exchange. We recommend
consideration of the MHE as a uniquely diverse region, and a high conservation priority.

Index term: biogeography; conifer diversity; landscape conservation; Mogollon Highlands Ecoregion; snakes

INTRODUCTION

To be effective, conservation efforts should protect biological and
ecological diversity at multiple levels of organization (Trombulak
et al. 2004), from very small (genetic) to very large (ecosystems and
landscapes). Biodiversity is most effectively maintained by
protecting larger areas (Soulé 1985; Noss and Cooperrider 1994),
especially in cases where heterogeneous landscapes feature high
gamma (regional scale) diversity and include sites of high alpha
(within-habitat) diversity (spatial scales of diversity sensuWhittaker
1960, 1972). Strategies for long-term protection of biodiversity
under the changing conditions of climate change have remained
remarkably consistent over the past three decades (Noss 2001;
Heller and Zavaleta 2009; McLaughlin et al. 2022).

Conservation potential is strengthened when protected landscapes
provide gradients of environmental factors such as elevation,
precipitation, and temperature, as such conditions allow for shifts in
species ranges. Similarly, connectivity with continental-scale corridors
(such as north–south trending mountain ranges) optimizes
opportunities for population shifts when physical conditions change
(Hunter et al. 1988; Ranius et al. 2023). Connectivity and climate
corridors—pathways that connect warmer to cooler areas less
impacted by human activity—offer efficient opportunities for
ecological adaptation to climate change (Lawler 2009; Lawler et al.
2020). Conservation biologists have called for identifying “climate
change refugia”—areas that are sufficiently buffered from climate
change as to enable persistence of species and other valued resources,

as during climate upheavals in the paleoecological past (Morelli et al.
2016). A recent analysis of this approach (Saunders et al. 2023)
suggests that the southwestern United States, and particularly the
Rocky Mountains and the Sierra Madre Occidental of México,
represent potential high-priority climate change refugia.

In the American Southwest (especially Arizona), biological
attention has been focused largely on the canyon country of the
Colorado Plateau and the especially well-studied Sonoran
Desert. This has been facilitated, in part, by the largest research
universities and government agencies (e.g., USGS, USFS, and
cooperative parks study units at Northern Arizona University in
Flagstaff, Arizona State University in Tempe, University of
Arizona in Tucson, and the University of Utah in Salt Lake
City). The continental-scale ecotonal transition zone that
connects the Colorado Plateau and the Sonoran Desert, much of
it along the 200-mile-long escarpment known as the Mogollon
Rim, has accommodated biological studies, often addressing
autecological or ethological questions (e.g., Barber et al. 1998;
Dobbs and Martin 1998; Martin and Martin 2001), but has
remained less known than the Plateau country to the north and
the low deserts to the south. In an analysis of herbarium records
for the western United States, for example, all counties of this
transitional zone were “under-collected” (Taylor 2014). This
transition zone has tended to be viewed as a line—the boundary
between two other places—and has been overlooked as a distinct
region worthy of consideration at the landscape level.

We have identified this area as the Mogollon Highlands
Ecoregion (MHE) (Fleischner et al. 2017). Here, we make the
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case that the MHE deserves recognition as a distinct and
important ecological region in its own right, not just as a
transitional zone between two long-recognized regions
(Colorado Plateau and Sonoran Desert). Given its location and
the evidence of prior research, we argue that the MHE
represents one of the most biodiverse regions in North America
—an ecological treasure that the scientific community has
largely failed to recognize. As a result, this region has been
undervalued in the realm of conservation strategy.

The MHE represents an ecologically fascinating North
American transition zone of continental importance. This
dramatic landscape of escarpments, canyons, mesas, deserts, and
high conifer forests is a land of high biological and ecological
diversity. It is where the Sonoran Desert of the Basin and Range
Province meets the redrock canyon country of the Colorado
Plateau and the Southern Rocky Mountains, and where the
northern limits of some species coexist with the southern limits
of others. In the Mogollon Highlands, the mega-diversity of
Meso-America, and the Sierra Madre in particular (DeBano
et al. 1995), has direct access into North America. As Felger and
Wilson (1995) pointed out more than two decades ago, this
Apachian/Madrean region is a “neglected center of biodiversity.”
More recently, it has been referred to as a “biodiversity hotspot”
in reference to herpetology (Bezy and Cole 2014). Davis et al.
(1997) highlighted the region as a notable center of endemism in
North America.

The core of this region is what the World Wildlife Fund
(WWF) named the “Arizona Mountain Forest” (Ricketts et al.
1999). WWF concluded this region had regionally outstanding
biological distinctiveness, due to relatively high species
richness and endemism. The Mogollon Highlands largely
coincides with The Nature Conservancy’s “Arizona-New
Mexico Mountains” ecoregion (Marshall et al. 2006), although,
as defined here, the Mogollon Highlands extends beyond these
montane forests to include parts of adjacent, interwoven
communities. As we recognize it, the Mogollon Highlands
coincides with the northern portion of the “Apache
Highlands” of The Nature Conservancy; however the Apache
Highlands extends far south, including the Madrean “Sky
Islands” and into the Sierra Madre Occidental of Sonora and
Chihuahua, Mexico (Turner et al. 2005).

Portions of the Mogollon Highlands have been referred to,
inconsistently, by many names (e.g., “Arizona Central
Highlands,” “Arizona Transition Zone”), yet the area remains
relatively ill-defined relative to its southern counterpart, the
Sonoran Desert, and its northern neighbor, the Colorado
Plateau. This region roughly aligns with the interface of two
great physiographic provinces of the American West: the Basin
and Range and Colorado Plateau (Hunt 1967). Due to great
geologic diversity (Nations and Stump 1996), the Mogollon
Highlands present dramatic topographic diversity, varying
several thousand feet in elevation, and including a series of deep
canyon systems that drain off the Colorado Plateau and emerge
into the low Sonoran Desert. The MHE contains the highest
density of springs in Arizona (Stevens 2018).

The region’s positioning at a continental-scale biogeographic
crossroads contributes to its high ecological diversity. The
southern extent of the Rocky Mountains intersects the eastern
portion of the Mogollon Highlands. All four of North America’s
deserts connect directly with the region: the Great Basin Desert
to the north, the Mojave to the west, and the Sonoran and
Chihuahuan to the south. Some species (e.g., Juniperus
osteosperma and J. scopulorum) reach their southern extent here,
while Sierra Madrean species (e.g., alligator juniper [Juniperus
deppeana], Emory oak [Quercus emoryi], red-faced warbler
[Cardellina rubifrons]) reach their northern boundaries.
Additionally, some Great Plains species (e.g., blue grama
[Bouteloua gracilis], thirteen-lined ground squirrel
[Spermophilus tridecemlineatus], gray catbird [Dumetella
carolinensis]) reach their western extent here while the eastern
extent of some shrubs (e.g., Rhus ovata) lies in this region.

This rich merging of biotas owes much to larger-scale climatic
patterns. The Southwestern Climate Pattern—typified by winter
and summer precipitation, separated by spring and fall droughts
—is influenced by both mid-latitude and subtropical
atmospheric circulation regimes (Sheppard et al. 2002; Sellers
2008). One specific consequence of this atmospheric confluence
is a bi-seasonal precipitation pattern (Lowe 1964), which, in
turn, leads to higher botanical diversity as plant phenologies can
be oriented around one or both seasons. As a result, floristic
affinities extend both north and south (McLaughlin 2008).

The Mogollon Highlands includes five of the North American
life zones described by Merriam (Lowe 1964; Phillips et al.
1989). It represents an interfingering of 11 of the 26 biotic
communities in the southwestern United States and
northwestern Mexico (southern Utah to northern Sinaloa,
Pacific Coast to New Mexico), as described by Brown (1994).
Because of this confluence of habitats, the MHE encompasses
much of the plant diversity of Arizona, which has the third
highest plant species richness of any state (Stein et al. 2000). The
regional diversity is amplified even more due to punctuation by
linear ribbons of riparian forest—one of the highest productivity
habitats in North America. These lush green corridors
concentrate wildlife, and include some of the highest
biodiversity (alpha diversity) sites in North America (Johnson
et al. 1977; Ohmart and Anderson 1982; Fleischner 1999).
(Because of their limited geographic extent, however, riparian
zones do not appear as distinct “communities” in our analysis.)
Based on these observations, the MHE accords with criteria for
high priority conservation consideration. In a report by the
National Biological Service, two community types in the
Mogollon Highlands region were identified as “endangered
ecosystems,” defined as those in 85–95% decline: old-growth
ponderosa pine (Pinus ponderosa) forest, and Southwest riparian
forests (Noss et al. 1995).

The ongoing ecological health of the Mogollon Highlands is
especially important in this age of rapid climate change. This
area of dramatic elevational gradients, at a continental-scale
biogeographic crossroads, can yield understanding of the
capacity for species and ecological communities to adapt to
global climate change. Based on these factors, we posit that the
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MHE is a center of biological and ecological diversity, worthy of
recognition and protection.

Accurate mapping of species diversity is essential for the
identification of areas of high conservation priority
(Andermann et al. 2022). Having established the boundaries of
the MHE (see Methods), we commenced biological analysis of
portions of the flora and fauna within it. There are significant
challenges in clarifying species diversity in several important
taxa—for example, vascular plants—due to chaotic taxonomic
revisions that render comparisons between data sets
problematic. Highly mobile animals, such as birds, present in
the Mogollon Highlands in various seasonal patterns, can
confuse geographic analysis.

As a primary example, we focus here on snake diversity in the
MHE. In a recent comprehensive review, Holycross and Mitchell
(2020) thoroughly documented the snake fauna of Arizona.
Their work demonstrates that biotic communities in Arizona
each have their own relatively distinct herpetofauna (see also
Holycross et al. 2022). Snake species distributions are limited by
a number of environmental factors such as precipitation, surface
temperature, soil type, or elevation (Schall and Pianka 1978) and
are often constrained by landscape features such as canyons,
mountains, or rivers (Brown et al. 2020). Because of the high-
quality data available from this ongoing research, this taxon
offers the ideal starting point for corroborating the biological
importance of the MHE. Given the ecological diversity of
available habitats in this region, directly resulting from its
ecotonal character, we predict higher snake diversity in the MHE
compared with other regions of comparable size in the
contiguous United States.

METHODS

Mapping
The MHE boundary was conceptualized using (1) prior

delineations (such as the Arizona Transition Zone physiographic
data and EPA Level IV ecoregions of Griffith et al. 2014); (2) the
distribution and overlap of selected taxa (especially woody
plants, reptiles, and selected herbaceous plants) in ellipse
analyses; and (3) thoughtful discussion and tracking of the
overlap of various taxa from the Rocky Mountains, the Madrean
and Sonoran regions, and the east and west as well. For ellipse
analyses, locations of selected plant and animal species
occurrences were downloaded from the SEINet (Southwest
Environmental Information Network) database and from the
Global Biodiversity Information Facility (GBIF). These locations
were plotted in ArcGIS and “Directional Distribution (Standard
Deviation Ellipse)” ellipses were mapped using the Directional
Distribution tool in ArcMap (Mitchell 2005; Allen 2009).
Parameters were set at 1 standard deviation. These ellipses
describe the spatial trend of plant species ranges; these ellipses
were combined and areas of overlap identify zones of high
species diversity.

As a “highlands,” an important initial delineator of this
region was elevation. A lower elevational at 1067 m (3500 feet)
above sea level was isolated from a digital elevation model. As a

transitional zone between high deserts and mountains of the
Colorado Plateau to the north and the low deserts and basins of
the Sonoran Desert south, it runs along the Mogollon Rim
escarpment bisecting central Arizona. The northern boundary
was initially based upon representative ecoregions defined by the
EPA Level IV (Griffith et al. 2014) and Arizona Transition Zone
physiography (Peirce 1985). The boundary was modified to
expand into areas where ecoregions were thought to be inclusive
of the Mogollon Highlands (i.e., containing a suite of species
with transitional characteristics) or contracted where ecoregions
were deemed exclusive (i.e., where the ecoregion better
exemplifies the high deserts and mountains to the north or the
low deserts to the south). ArcGIS was used for this analysis,
resulting in a polygon feature class that identified the spatial
extent of this region.

With a preliminary boundary in place (Fleischner et al. 2017),
we turned our attention to refining the boundary (recognizing
that defining boundaries of non-discrete systems is somewhat
subjective). While we were confident that the southern
boundary was well-delineated (3500 foot contour ¼ 1067 m),
the northern and eastern boundaries contained areas and
drainages that required further input from additional criteria.

We sought input from many colleagues, including biologists,
geologists, and wilderness travelers, and developed rubrics for
the inclusion/elimination of questionable areas. We relied
significantly on National Hydrologic Data from USGS, focusing
on Level 12 watersheds (http://nationalmap.gov/standards/
nhdstds.html). We used a combination of watershed boundaries
that drain into the Mogollon Highlands area and contain
vegetative or faunal elements shared with the greater Mogollon
Highlands. In general, when our boundary includes a piece of a
different physiographic province (Peirce 1985) and the biota are
inconsistent with that of the Mogollon Highlands, we excluded
that portion of the landscape (e.g., San Francisco Peaks and
upper Sycamore Canyon). The similarity of plant taxa across
three areas of questionable affinity along the northern boundary
was investigated using similarity indices of vegetation (Ellenberg
and Mueller-Dombois 1974). Thus, using these similarity
indices, watersheds in question were compared and were
included if the comparative indices supported a similarity with
MHE vegetation and they were excluded if the indices captured
an area of dissimilar vegetation (i.e., captured vegetation
characteristic of more northern ecoregions or biotic provinces).

Finally, we turned our attention to the southeastern boundary
in New Mexico, an area well known to one coauthor (BC), who
made suggestions of additions to the boundary based on faunal
(snake) habitats and physiographic ecoregions. The decision was
made to extend the boundary east of Continental Divide (the
previous boundary) to include the Black Range, an area that has
vegetation and faunal continuity with the Gila Wilderness at the
1676 m (5500 foot) elevation contour.

We modified the 20 “ecoregions” of Griffith et al. (2014) that
are found within the boundary of the MHE by, first, renaming
them, for the sake of clarity, as communities. These 20
communities, along with their characteristic geology, soils,
dominant plant species, and other habitat characteristics are
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summarized in Appendix 1. All plant taxonomy accords with
APG IV nomenclature.

Snake Diversity and Distribution in the MHE
Records from the Arizona and New Mexico portions of the

Mogollon Highlands were obtained independently. For the
Arizona portion of the Mogollon Highlands, we extracted data
within the Mogollon Highlands isopleth from a database we
compiled to build the range maps in Snakes of Arizona
(Holycross et al. 2020a). For the New Mexico portion of the
Mogollon Highlands, we extracted data from the VertNet
database, as well as collections of the Gila Center for Natural
History at Western New Mexico University and the Museum of
Southwest Biology at the University of New Mexico, primarily
by plotting the stored coordinates then running an overlay query
for those observations that fell within the Mogollon Highlands
Ecoregion boundary. For those observations without
coordinates, a selection set was generated based upon county
values that intersected the Mogollon Highlands boundary. We
temporarily assigned these observations coordinates at the
center of the New Mexico portion of the Mogollon Highlands
Ecoregion, and then georeferenced them from within the
ArcGIS Online environment by the contributor (BC) most
familiar with that portion of the New Mexico herpetofauna.
He also reviewed and verified the plots of all records that he
did not personally georeference.

Because of the different methods used to construct the maps
in each state, the New Mexico portion is based on records
gathered from only a subset of the institutions that were queried
in Arizona. In Arizona, we queried many smaller collections
(national park units, small college collections, and other
institutions that do not participate in VertNet). Snake locations
were overlain on the MHE community polygons to extract the
species of snakes that have been recorded in each habitat.

Snake taxonomy used here follows that used in Holycross and
Mitchell (2020) and Holycross et al. (2022); however, in several
cases this taxonomy is controversial. As applied to this analysis,
these include recognition of Crotalus cerberus and C. viridis,
Crotalus molosssus and C. ornatus, L. californiae and L. splendida,
as well as Lampropeltis knoblochi and L. pyromelana as separate
species. In each of these cases, these taxa were formerly
recognized as single polytypic species and split based on
phylogenetic studies that have been questioned for a variety of
cogent reasons (see PDF supplement to Holycross et al. 2022
and Holycross and Mitchell 2020 for relevant citations).
However, in all cases, definitive evaluations of species
boundaries in these taxa using more appropriate data, sampling,
and analyses have yet to be published. We have elected to
continue to use these names (with reservation), in the interest of
consistency and stability, but recognize that definitive evidence
of speciation is lacking in all four cases. Whether the splits above
represent speciation events or not, they do represent
significant intraspecific diversity as recovered in phylogenetic
analyses. In only three of these cases would use of the
alternative taxonomy affect the diversity metrics reported here
(recognition of L. knoblochi as a species separate from L.

pyromelana does not affect our diversity metrics, as
L. knoblochi is extralimital to the MHE).

Gymnosperm Diversity in the MHE
To evaluate the diversity of gymnosperm taxa occurring in the

MHE, we searched both Seinet (SEINet Portal Network 2023)
and World Flora Online (2023). We compared the species
richness in the MHE with a polygon of identical size and shape
farther north in Arizona that has the Mogollon Rim as its
southern boundary. We extracted all records for Pinaceae and
Cupressaceae within the MHE and this parallel polygon. While
taxonomic designations, especially at the subspecies level, are
continually in revision, we used the same rubric to accept or
reject synonyms in both areas; we accepted the latest taxa
designated by World Flora Online (2023), and we eliminated
taxa that occurred only as plantings or cultivars in nonnative
landscapes.

RESULTS

Our refined map of the MHE is represented in Figure 1. The
MHE covers 70,490 km2 of highly diverse terrain spanning
elevations above 1061 m (3500 feet) in a south-east trending arc
through central Arizona and western New Mexico (Figure 1).
The diverse landscapes of this Ecoregion support 20
communities. Vegetation and habitat characteristics of these 20
communities are summarized in Appendix 1.

The most extensive communities in the MHE are three types
of conifer forests, five types of woodlands primarily dominated
by conifers, oaks and other perennial shrubs (interior chaparral),
six types of grasslands and tablelands, and six high deserts and
basins; winding through each of these is riparian vegetation. The
region overlaps small upland areas of Mohave, Sonoran, and
Chihuahua desert origin.

We identified 2223 vouchered observations representing 39
species of snakes in the Mogollon Highlands (Appendix 2).
Three Thamnophis records and one Salvadora record were not
assigned to species. Both of these genera are represented by
more than one species with the Mogollon Highlands and cannot
be assigned to a species without examining the specimens. The
number of recorded snake species varied considerably across the
Mogollon Highlands communities with records lacking for six
communities (Table 1). Variability among communities in the
number of records is likely due to several factors: areal
representation of the community within the Mogollon
Highlands, rugged terrain inhibiting travel, lack of public access
(e.g., on some tribal lands), and remoteness from population
centers. Clearly, areal representation (km2) in the Mogollon
Highlands is a critical factor; the six communities lacking
records altogether were among the eight smallest communities.
Interestingly, the Low Mountains and Bajadas community was
represented by only 95.4 km2 and yielded only 7 snake records,
but was among the best sampled and highest diversity
communities in metrics controlling for community area
(records/km2 and species/km2). After controlling for community
size (area in km2), the communities capturing the highest snake
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diversity were (in descending order) (1) Arizona Upland/Eastern
Sonoran Basins, (2) Low Mountains and Bajadas, (3)
Chihuahuan Deserts and Grasslands, (4) Lower Mogollon
Transition, (5) Montane and Subalpine Grasslands, and (6)
Madrean and Lower Montane Woodlands. Several of these
communities (1, 2, and 5) rank highly in this metric because
although relatively few species were documented within them,
they are also represented by relatively few km2 in the MHE. The
majority of the communities contributing the most to absolute
diversity are relatively low-elevation habitats along the southern

boundary of the MHE, as expected when assaying an
ectothermic taxon.

Snakes Endemic to the Mogollon Highlands
Of particular note are two species of snakes that are endemic,

or nearly endemic, to the Mogollon Highlands: the Mogollon
narrow-headed gartersnake (Thamnophis rufipunctatus) and the
Arizona black rattlesnake (Crotalus cerberus). The Mogollon
narrow-headed gartersnake (T. rufipunctatus) is an aquatic
specialist and restricted to the upper watersheds of the Gila
River in the Salt, Verde, and San Francisco rivers in Arizona and
the San Francisco and Upper Gila rivers in New Mexico.

(Holycross et al. 2020b). It is found in Conifer Woodlands and
Savannas, Lower Madrean Woodlands, Lower Mogollon
Transition, Madrean Lower Montane Woodlands, Mogollon
Transition Conifer Forests, and Montane Conifer Forests where
it is restricted to perennial streams at elevations ranging from
�700 to 2430 m (Rossman et al. 1996). Thamnophis
rufipunctatus is listed as threatened under the U.S. Endangered
Species Act (USFWS 2014). Precipitous decline has been
recorded in this species in recent years, likely because of its high
degree of habitat specialization and its diet—which is almost
exclusively fish (Hibbitts et al. 2009).

The Arizona black rattlesnake (C. cerberus) is nearly endemic
to the MHE. Outside of the Mogollon Highlands, populations of
C. cerberus are found only in peripheral isolated mountain
ranges and canyons (Holycross et al. 2020a; Nowak et al. 2020).
This rattlesnake occurs most often in high-elevation woodlands,
usually in riparian areas, and is associated with a variety of
ecoregions, including Arizona/New Mexico Subalpine Forests,
Chino/Coconino Grasslands and Shrubsteppe, Conifer
Woodlands and Savannas, Low Mountains and Bajadas, Lower
Madrean Woodlands, Lower Mogollon Transition, Madrean
Basin Grasslands, Madrean Lower Montane Woodlands,

Figure 1.—The Mogollon Highlands Ecoregion, showing 20 component communities.
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Mogollon Transition Conifer Forests, and Montane Conifer

Forests (Hulse 1973; Jones 1988; Nowak and Schofer 2006;

Griffith et al. 2014; Holycross et al. 2022). It is most commonly

found at elevations from 900 to 3000 m (Nowak et al. 2020).

Gymnosperm Diversity in the MHE
A survey of the literature, accepting native species and

subspecies designations as reported in SEINet Portal Network

(2023) and World Flora Online (2022), suggests a high diversity

of gymnosperm species relative to other southwestern ecoregions.

The MHE contained 15 accepted species or subspecies in the

Pinaceae (pines and firs) and 11 species or subspecies in

Cupressaceae (junipers and cypress), while the same-size adjacent

polygon to the north had 10 species or subspecies in Pinaceae and

8 species or subspecies in the Cupressaceae (World Flora Online

2022; SEINet Portal Network 2023).

DISCUSSION

The Mogollon Highlands Ecoregion merits consideration as a

prominent, unique, high biodiversity transition zone of North

America—not merely as the neglected edges of other provinces.

Moreover, regions with significant elevational gradients, and

with broad interpenetration of numerous ecological

communities, represent living laboratories for adaptation to

ecological and climatic change. The MHE is ideally suited for

ongoing studies of adaptation to a changing Earth, and provides

an important conservation opportunity.
The snake database serves as a starting point for evaluating

the biogeographic affinities and patterns of distribution of a

portion of the Mogollon Highlands fauna. There are four main

lines of evidence that illustrate the biogeographic affinities and

patterns in the MHE. First, the Mogollon Highlands exists at the

nexus of several ecoregions, each with a relatively distinct

herpetofauna (Holycross et al. 2022). Although largely
peripheral to the Mogollon Highlands, these ecoregions—
Sonoran Desertscrub, Mohave Desertscrub, Great Basin
Desertscrub, Plains and Great Basin Grassland, Semidesert
Grassland, Rocky Mountain Subalpine Conifer Forest, and
Subalpine Grassland—contribute to the diversity of the
Mogollon Highlands snakes. For example, Crotalus pyrrhus,
which is associated with the xeric rocky environs of the Sonoran
Desert, is included in the biota of the Highlands because
portions of this desert are represented within the southern
margin of the western Highlands. Likewise, Lampropeltis
triangulum, which is primarily associated with Plains and Great
Basin Grassland found to the north of the Highlands, is
represented because pockets of this community persist within its
boundaries.

Second, the proximity of the Cochise Filter Barrier
contributes to diversity from east to west across the Mogollon
Highlands. The Cochise Filter Barrier is a region that (very
generally) follows the spine of the Peloncillo Mountains from
the Sierra Madre in Mexico up to the Mogollon Highlands. This
region serves or served as a barrier to gene flow for closely
related organisms (including many amphibians and reptiles)
distributed both east and west of it. Historically, separate
subspecies of several species of snake have been recognized on
either side of the Cochise Filter Barrier, although recently, many
have been elevated to full species status. While some of these
elevations are controversial, it is clear that the barrier
contributes to diversity in the region. One example is the
presence of both Crotalus molossus and Crotalus ornatus within
the Mogollon Highlands. Only recently recognized as a separate
species, C. ornatus is only present in the far eastern portion of
the Mogollon Highlands.

Third, the steep elevational gradient present within the
Mogollon Highlands contributes to diversity. Species limited in

Table 1.—Snake diversity and frequency by community type in the Mogollon Highlands Ecoregion.

Area (km2) # records # species records/km2 species/km2

Arizona Upland/Eastern Sonoran Basins 5.8 19 8 3.286 1.383

Arizona Upland/Eastern Sonoran Mountains 691.5 7 6 0.010 0.009

Arizona/New Mexico Subalpine Forests 849.4 4 3 0.005 0.004

Chihuahuan Basins and Playas 0.5 0 0 0.000 0.000

Chihuahuan Desert Grasslands 865.8 52 14 0.060 0.016

Chino/Coconino Grasslands and Shrubsteppe 1991.9 45 12 0.023 0.006

Conifer Woodlands and Savannas 7494.8 134 19 0.018 0.003

Eastern Mojave Basins 0.4 0 0 0.000 0.000

Eastern Mojave Low Ranges and Arid Footslopes 15.0 0 0 0.000 0.000

Hualapai/Coconino/Woodlands 432.6 0 0 0.000 0.000

Low Mountains and Bajadas 95.4 7 7 0.073 0.073

Lower Madrean Woodlands 1463.4 19 11 0.013 0.008

Lower Mogollon Transition 14,177.7 683 29 0.048 0.002

Madrean Basin Grasslands 950.6 20 14 0.021 0.015

Madrean Lower Montane Woodlands 22,551.8 804 33 0.036 0.001

Mogollon Transition Conifer Forests 4214.4 99 11 0.023 0.003

Montane and Subalpine Grasslands 179.3 7 1 0.039 0.006

Montane Conifer Forests 14,317.5 327 16 0.023 0.001

Northeast Arizona Shrub-Grasslands 1.2 0 0 0.000 0.000

Semiarid Tablelands 192.6 0 0 0.000 0.000
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their elevational distribution can be found at the ends of this
broad elevational gradient within the bounds of the Highlands.
Examples among the snakes include Phyllorhynchus decurtatus
(generally limited to low elevations) and Lampropeltis
pyromelana (generally limited to relatively higher elevations).

Finally, the dissected nature of the highlands contributes to
the diversity of the region. Large canyons carved by major rivers
are lined by biotic communities associated with lower elevations,
creating a unique mosaic of communities. These incursions of
low-elevation habitat explain the presence of species like
Crotalus atrox along the Salt River at a location very near the
geographic center of the Mogollon Highlands.

We documented 39 species of snakes within the boundaries of
the Mogollon Highlands. For comparison, Bezy and Cole (2014)
documented 35 species of snakes in the Madrean Archipelago of
southern Arizona and New Mexico. While their methods of
constructing species lists differ from ours (their criteria being
stricter in some senses), the Madrean Archipelago is often
heralded for its herpetological diversity. These data support our
prediction that the snake diversity of the Mogollon Highlands
Ecoregion is on par with that of that of the Madrean Archipelago

and, by extension, on par with, or higher than, many other
regions (Bezy and Cole 2014; Holycross and Mitchell 2020).

Our findings on snake diversity supplement previous
knowledge on biodiversity of other taxa. There are more species
of butterflies (Lepidoptera: Rhopalocera) in the Central Arizona
Highlands—essentially, the Arizona subset of the MHE—than in
most American states (McNally 2020). Recent analysis (Gergely
et al. 2019) shows that the highest bird habitat diversity in the
coterminous United States is centered in the MHE (Figure 2).
The MHE is also an area of great botanical importance due to
elevated levels of endemism and genetic exchange between
species, as exemplified by the rich diversity in the gymnosperms.
Included in the MHE are gymnosperms that approach the limits
of their geographic distributions, for example, Juniperus
deppeana, alligator juniper (MHE is northern limit, with a few
fingers reaching north of the Mogollon Rim) and Pinus edulis
and Juniperus osteosperma (MHE is the southern limit).

An important group of gymnosperms of the Mogollon
Highlands are the cembroid pines, including many of the piñon
pine species. The most widespread piñon pine in the Mogollon
Highlands, known variously as Pinus edulis var. fallax (Little

Figure 2.—Bird species richness in the coterminous United States, derived from species habitat distribution models (from Gergely et al. 2019:
p. 14.). Mogollon Highlands Ecoregion outlined in yellow.
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1968; Felger et al. 2019), Pinus3 fallax (Buck et al. 2023), or
Pinus fallax (elevated to species level by Montes et al. 2019,
2022), is tolerant of higher temperatures and lower moisture
than other closely related piñon species. Here, we call this
species the Mogollon Highlands piñon, Pinus3 fallax (after
Buck et al. 2023), to call attention to its narrow distribution and
unique characters. Long known for its varying needle number
(typically one needled with some two-needle fascicles), it was
thought that the Mogollon Highlands piñon arose from
hybridization of the more northern two-needled Pinus edulis
and the Great Basin one-needled P. monophylla (e.g., Lanner
1974a, 1974b). However, recent genetic studies using nuclear
DNA and chloroplast origin show that this piñon is a hybrid,
sharing genes of P. edulis (Colorado piñon) and P.
californarium, a one-needled species that occurs today well west,
on California hillsides (Buck et al. 2023). Today it occupies hotter
and drier habitats than either of its parents (i.e., 12 mm less rainfall
and 2–48C higher temperatures). It is a stable morphotype, shows
less heterozygosity than might be expected of hybrids (Buck et al.
2023), and has been found in packrat middens from 48,000 y ago
(Cole et al. 2013). As such, novel gene combinations in this piñon
make it well adapted to the transitional shrub-rich habitats of the
Mogollon Highlands through its ability to tolerate aridity and
slightly higher temperatures than its parental genotypes. These novel
gene combinations may well be reintroduced into the parent
populations by backcrossing in the future, heightening the
importance of this Mogollon Highlands hybrid. The resilience of
this piñon pine can, in part, be attributed to its hybrid status;
between 1985 and 2000, woodlands increased in extent in the
Mogollon Highlands, and have declined only slightly since (0.3–
0.8%), despite drought and low levels of beetle infestations
(Rodman et al. 2022). In contrast, recent climate shifts have had
more severe impacts on Pinus ponderosa (ponderosa pine) forests of
the Mogollon Highlands, as warming and drying conditions
approach the physiological limits for this species, which now occurs
as “trailing edge” forests (Huffman et al. 2020). Landscape-scale
analyses have shown climate and wildfire-related declines since 2000,
favoring the oak components of the forest such that a shift is seen
from pine forest to the more xeric pine-oak (Rodman et al. 2022).

The Mogollon Highlands Ecoregion, then, represents a center
of ecological diversity significant on regional and continental
scales. This is clearly exemplified by the data presented here on
exceptional snake diversity, and by the unusual convergence of
conifer species, including endemism and genetic recombination
not observed elsewhere. Recognition of the ecological
importance of this ecoregion is long overdue. We believe that—
especially in an age of rapid climate change—the MHE should
be valued and protected as a remarkable center of biodiversity, a
home to taxa with a unique array of adaptations, and an area of
great biological potential, with so much yet to be understood.

SUMMARY

• The MHE is a previously unrecognized center of ecological
diversity, stemming from its location at a biogeographic

crossroads, and great elevational and topographic variation,
with climatic influences from mid-latitudes and subtropics.

• Due to the unusually comprehensive database for snake
distributions in the MHE, we used this taxon to test our
assertion that the biogeography of the MHE was highly
diverse, with species from multiple sources. Snake diversity
(39 species) in the MHE was on par with that of the Madrean
Archipelago (Sky Islands region), which is known for high
snake diversity.

• The MHE also represents an area of great botanical
importance, due to its elevated levels of endemism and genetic
exchange between species.

• Because of its high biodiversity and its capacity for climate
change adaptation, the MHE should be considered high
priority for conservation.
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Appendix 2.—Snake species (n = 39) found in the Mogollon Highlands Ecoregion, with community occurrences.

Family Species MHE Community Occurrence

Boidae Lichanura roseofusca Madrean Lower Montane Woodlands, Lower Mogollon Transition

Colubridae Arizona elegans Madrean Lower Montane Woodlands, Lower Mogollon Transition, Arizona Upland/Eastern Sonoran Basins

Diadophus punctatus Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer Woodlands and Savannas, Lower

Madrean Woodlands, Lower Mogollon Transition, Montane Conifer Forests, Mogollon Transition Conifer Forests,

Low Mountains and Bajadas

Gyalopion canum Madrean Basin Grasslands, Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer

Woodlands and Savannas, Lower Mogollon Transition

Hypsiglena chlorophaea Chino/Coconino Grasslands and Shrub-Steppe, Madrean Lower Montane Woodlands, Lower Mogollon Transition,

Arizona Upland/Eastern Sonoran Basins

Hypsiglena jani Chihuahuan Basins and Playas, Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer

Woodlands and Savannas, Montane Conifer Forests

Lampropeltis californiae Chino/Coconino Grasslands and Shrub-Steppe, Madrean Basin Grasslands, Madrean Lower Montane Woodlands,

Conifer Woodlands and Savannas, Lower Mogollon Transition

Lampropeltis pyromelana Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer Woodlands and Savannas, Lower

Madrean Transition, Montane Conifer Forests, Mogollon Transition Conifer Forests

Lampropeltis splendida Madrean Lower Montane Woodlands

Lampropeltis triangulum Chino/Coconino Grasslands and Shrub-Steppe

Masticophis bilineatus Madrean Basin Grasslands, Madrean Lower Montane Woodlands, Lower Mogollon Transition, Arizona Upland/

Eastern Sonoran Mountains, Low Mountains and Bajadas

Masticophis flagellum Madrean Lower Montane Woodlands, Lower Mogollon Transition

Masticophis taeniatus Chino/Coconino Grasslands and Shrub-Steppe, Madrean Basin Grasslands, Chihuahuan Desert Grasslands, Madrean

Lower Montane Woodlands, Conifer Woodlands and Savannas, Lower Mogollon Transition, Montane Conifer

Forests, Mogollon Transition Conifer Forests, Arizona Upland/Eastern Sonoran Basins

Phyllorhynchus decurtatus Lower Mogollon Transition

Pituophis catenifer Chino/Coconino Grasslands and Shrub-Steppe, Madrean Basin Grasslands, Chihuahuan Desert Grasslands, Madrean

Lower Montane Woodlands, Conifer Woodlands and Savannas, Lower Madrean Woodlands, Lower Mogollon

Transition, Montane Conifer Forests, Mogollon Transition Conifer Forests, Arizona Upland/Eastern Sonoran

Basins, Low Mountains and Bajadas

Rhinocheilus lecontei Chino/Coconino Grasslands and Shrub-Steppe, Madrean Basin Grasslands, Conifer Woodlands and Savannas, Lower

Mogollon Transition, Arizona Upland/Eastern Sonoran Basins

Salvadora grahamiae Madrean Basin Grasslands, Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer

Woodlands and Savannas, Lower Madrean Woodlands, Montane Conifer Forests, Mogollon Transition Conifer

Forests

Salvadora hexalepis Chino/Coconino Grasslands and Shrub-Steppe, Madrean Basin Grasslands, Chihuahuan Desert Grasslands, Madrean

Lower Montane Woodlands, Conifer Woodlands and Savannas, Lower Mogollon Transition, Montane Conifer

Forests, Arizona Upland/Eastern Sonoran Basins, Low Mountains and Bajadas

Sonora semiannulata Chino/Coconino Grasslands and Shrub-Steppe, Madrean Basin Grasslands, Madrean Lower Montane Woodlands,

Lower Mogollon Transition

Tantilla hobartsmithi Madrean Lower Montane Woodlands, Lower Madrean Woodlands, Lower Mogollon Transition

Tantilla nigriceps Madrean Lower Montane Woodlands

Thamnophis cyrtopsis Chino/Coconino Grasslands and Shrub-Steppe, Chihuahuan Desert Grasslands, Madrean Lower Montane

Woodlands, Conifer Woodlands and Savannas, Lower Madrean Woodlands, Lower Mogollon Transition, Montane

Conifer Forests, Mogollon Transition Conifer Forests, Arizona Upland/Eastern Sonoran Mountains

Thamnophis elegans Chino/Coconino Grasslands and Shrub-Steppe, Montane and Subalpine Grasslands, Madrean Lower Montane

Woodlands, Conifer Woodlands and Savannas, Lower Madrean Woodlands, Lower Mogollon Transition, Arizona/

New Mexico Subalpine Forests, Montane Conifer Forests, Mogollon Transition Conifer Forests

Thamnophis eques Madrean Basin Grasslands, Madrean Lower Montane Woodlands, Lower Mogollon Transition, Mogollon Transition

Conifer Forests

Thamnophis rufipuncatatus Madrean Lower Montane Woodlands, Conifer Woodlands and Savannas, Lower Madrean Woodlands, Lower

Mogollon Transition, Montane Conifer Forests, Mogollon Transition Conifer Forests

Trimorphodon biscutatus Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands

Trimorphodon lambda Madrean Basin Grasslands, Madrean Lower Montane Woodlands, Lower Mogollon Transition

Elapidae Micruroides euryxanthus Madrean Lower Montane Woodlands, Lower Madrean Woodlands, Lower Mogollon Transition, Montane Conifer

Forests

Leptotyphlopidae Rena dissecta Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands

Rena humilis Madrean Lower Montane Woodlands, Lower Mogollon Transition

Viperidae Crotalus atrox Madrean Lower Montane Woodlands, Lower Madrean Woodlands, Lower Mogollon Transition, Arizona Upland/

Eastern Sonoran Basins, Arizona Upland/Eastern Sonoran Mountains, Low Mountains and Bajadas

Crotalus cerberus Chino/Coconino Grasslands and Shrub-Steppe, Madrean Basin Grasslands, Madrean Lower Montane Woodlands,

Conifer Woodlands and Savannas, Lower Madrean Woodlands, Lower Mogollon Transition, Arizona/New Mexico

Subalpine Forests, Montane Conifer Forests, Mogollon Transition Conifer Forests, Low Mountains and Bajadas

Crotalus lepidus Madrean Lower Montane Woodlands, Conifer Woodlands and Savannas, Montane Conifer Forests

118 Natural Areas Journal, 44(2):104–119

Downloaded From: https://bioone.org/journals/Natural-Areas-Journal on 03 Aug 2024
Terms of Use: https://bioone.org/terms-of-use



Appendix 2.—Continued.

Family Species MHE Community Occurrence

Crotalus molossus Madrean Basin Grasslands, Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer

Woodlands and Savannas, Lower Madrean Woodlands, Lower Mogollon Transition, Montane Conifer Forests,

Mogollon Transition Conifer Forests

Crotalus ornatus Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer Woodlands and Savannas, Montane

Conifer Forests

Crotalus pyrrhus Madrean Lower Montane Woodlands, Lower Mogollon Transition, Arizona Upland/Eastern Sonoran Basins, Arizona

Upland/Eastern Sonoran Mountains

Crotalus scutulatus Chino/Coconino Grasslands and Shrub-Steppe, Madrean Lower Montane Woodlands, Conifer Woodlands and

Savannas, Lower Mogollon Transition, Low Mountains and Bajadas

Crotalus tigris Lower Mogollon Transition

Crotalus viridis Chihuahuan Desert Grasslands, Madrean Lower Montane Woodlands, Conifer Woodlands and Savannas

Sistrurus tergeminus Madrean Basin Grasslands
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