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Abstract: Biodiversity is threatened due to land-use change, overexploitation, pollution, and
anthropogenic climate change, altering ecosystem functioning around the globe. Protecting areas
rich in biodiversity is often difficult without fully understanding and mapping species” ecological
niche requirements. As a result, the umbrella species concept is often applied, whereby conservation
of a surrogate species is used to indirectly protect species that occupy similar ecological
communities. One such species is the greater sage-grouse (Centrocercus urophasianus), which has
been used as an umbrella to conserve other species within the sagebrush (Artemisia spp.) ecosystem.
Sagebrush-steppe ecosystems within the United States have experienced drastic loss,
fragmentation, and degradation of remaining habitat, threatening sagebrush-dependent fauna,
resulting in west-wide conservation efforts to protect sage-grouse habitats, and presumably other
sagebrush wildlife. We evaluated the effectiveness of the greater sage-grouse umbrella to conserve
biodiversity using data-driven spatial occupancy and abundance models for seven sagebrush-
dependent (obligate or associated) species across the greater Wyoming Basins Ecoregional
Assessment (WBEA) area (345,300 km?) and assessed overlap with predicted sage-grouse
occurrence. Predicted sage-grouse habitat from empirical models only partially (39-58%) captured
habitats identified by predicted occurrence models for three sagebrush-obligate songbirds and 60%
of biodiversity hotspots (richness of 4-6 species). Sage-grouse priority areas for conservation only
captured 59% of model-predicted sage-grouse habitat, and only slightly fewer (56%) biodiversity
hotspots. We suggest that the greater sage-grouse habitats may be partially effective as an umbrella
for the conservation of sagebrush-dependent species within the sagebrush biome, and management
actions aiming to conserve biodiversity should directly consider the explicit mapping of resource
requirements for other taxonomic groups.

Keywords: biodiversity; Centrocercus urophasianus; hotspots; sagebrush species richness; umbrella
species; Wyoming Basins

1. Introduction

Ecosystems across the globe are losing biodiversity at an alarming rate, with
extinction estimated at 8-1000 times the background rate [1,2], and more than one quarter
of described species are classified as threatened with extinction [3]. Major drivers of
biodiversity decline include land-use change, overexploitation, pollution, and
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anthropogenic climate change [4-7]. Loss of biodiversity can have important
consequences for ecosystem function and services [7-9]. Trends in biodiversity among
biomes, while variable, continue to decline at increasing rates worldwide [10]. These
concerns have resulted in national and international initiatives to protect 30% of the most
biodiverse lands and waters by 2030 [11]. Although targeted conservation through
protected areas and legislation has shown some success in reducing biodiversity loss [12],
ecological representation and coverage of threatened species by protected areas remain
inadequate [13].

As ecosystems are modified and animal populations decline, there are fewer
locations and opportunities to conserve areas with functioning ecosystems that support
associated species. Delaying actions to conserve landscapes risks further loss of lands to
anthropogenic activities and species extirpation. Hotspots of biological diversity have
been targeted as an approach to conserving habitat for multiple species. Such approaches
identify areas where several target species may coincide with areas at risk of habitat loss
[14]. These analyses are often conducted at broad spatial extents, including global [14],
continental, and other coarse spatial scales [15,16]. Identifying biodiversity hotspots
minimally requires a basic understanding of the ecological niche, or the range of
environmental factors that allow each species to meet life history requirements and persist
[17]. In the simplest form, a basic understanding of non-interactive scenopoetic conditions
is required to map each species’ fundamental niche requirements [17-19]. Generic species
range maps or species distribution models should capture fundamental niche conditions,
or those conditions that broadly encompass the range of conditions where a species
should be able to occur. Factors such as competition (i.e., competitive exclusion) and
fitness variation (i.e., source-sink habitats; [20]) reduce the ecological (and thus
geographical) space used by a species, whereby the realized niche is then a reduced subset
of resources (and places) where the species persists. These realized niche conditions are
likely not captured by such broad range or distribution maps [21].

However, when assessing biodiversity across broad scales, such as globally or
ecosystem-wide, coarse inputs, including range or distribution maps, are often used [22].
At finer resolution, hotspots based on species richness (frequently still from range maps)
are often applied, but this approach is often ineffective at capturing hotspots of unrelated
taxa [15,23]. However, when mapping hotspots of biodiversity using specific niche
requirements there may be a disconnect in scale, as these typically are considered at more
local extents (e.g., [24]) due to a paucity of data that would allow quantification across
larger (i.e., national or global) extents.

In lieu of mapping niche requirements for all (or many) species that occupy similar
ecological communities, surrogate or umbrella species are often identified and used to
indirectly protect the entire assemblage of species [25]. As originally conceived, an
umbrella species should have large area requirements [26], with sufficient habitat
protection for that species to persist, and other species should fall under that umbrella of
protection [27], particularly those of conservation concern [26,28]. Ideal umbrella species
may be habitat specialists [29,30], particularly if their realized niche requirements have
been assessed and mapped. Some consider umbrella species to be most effective when
there are co-occurring and taxonomically related species that need conservation actions
[26]. Conceptually, using an umbrella species approach should therefore provide benefits
to other species and ultimately increase the effectiveness of limited conservation resources.
However, given that species within an ecosystem have different habitat requirements and
life histories, it seems unlikely that a single species could represent the needs of all other
species [31], and in practice the umbrella approach may be flawed [32], particularly when
considering multiple taxonomic groups [23] or varying (smaller) scales [33]. Nevertheless,
the umbrella approach may be a useful proxy for some species and in some ecological
contexts with thorough evaluation to determine appropriate uses in conservation
planning [34].



Land 2024, 13,123

3 of 22

We evaluate the efficacy of using the greater sage-grouse (Centrocercus urophasianus,
hereafter “sage-grouse”) as an umbrella species for the conservation of other sagebrush-
(Artemisia spp.) dependent (obligate or associated) species that inhabit the ecologically
and culturally important sagebrush ecosystem of the Western United States [35]. While
other assessments on the effectiveness of sage-grouse as an umbrella species have
occurred within the eastern range of the sage-grouse [32,34,35], none have occurred across
large spatial extents covering multiple states. The sage-grouse is considered a sagebrush-
obligate species because of its complete dependence on the sagebrush plant community
through all life stages. In addition, large, contiguous habitat patches are needed to meet
all seasonal habitat requirements [36-39]. Over the past two decades, sage-grouse have
received significant attention from conservation and management communities due to
large-scale reductions in range extent [40] and declining population numbers throughout
the remaining portion of their range [41]. Since the late 1990s, sage-grouse were the subject
of multiple petitions for listing under the Endangered Species Act of 1973 (ESA; 16 U.S.C.
§1531 et seq.); these successive reviews led to dramatic increases in the level of investment
into maintaining and improving sagebrush habitats on public and private lands (>$1
billion by federal, state, and local agencies, private landowners, and non-governmental
organizations; [42]). Planning efforts by federal and state agencies to improve the
effectiveness of sage-grouse conservation actions led to the development of a spatial
strategy known as Priority Areas for Conservation (PACs), where conservation efforts are
emphasized for the 39 sage-grouse populations across their range [43].

Although management actions and conservation strategies are being developed
explicitly for the protection of sage-grouse, there is hope that these will also indirectly
benefit some of the >735 species of plants, vertebrates, or invertebrates inhabiting the
sagebrush ecosystem [44-49], providing a conceptual and logistical shortcut to reaching
conservation goals [50,51]. Sage-grouse meet many of the criteria for an effective umbrella
species, needing large contiguous habitat patches, having a well-described life history,
and legal protection [48,52-54]. However, the level of coverage provided by a sage-grouse
umbrella likely depends on how individual species respond to management and
conservation actions and the realized overlap in resource requirements.

A previous ecoregional assessment effort developed spatial models predicting the
occurrence and abundance of 15 different vertebrate species across the greater Wyoming
Basins Ecoregion (Figure 1; [55]). For that effort, field data on the occurrence and
abundance of vertebrates were collected over two years (2005-2006) across an area of
345,300 km? [56] and spatial models were developed predicting the occurrence (logistic
regression) and abundance (generalized linear models fit with Poisson or negative
binomial distributions to counts) of individual species. All models were evaluated with
independent data not used in model development, such as sage-grouse lek count data or
point count data from breeding bird surveys, to ensure accurate predictive capacity [55].
We use range maps and these predictive models derived for seven sagebrush-dependent
species (ScienceBase [57]) to evaluate the potential effectiveness of sage-grouse as a
management target [58,59] for conserving biodiversity [60] within the sagebrush
ecosystem.

Here, we ask if (i) sage-grouse are an effective umbrella for other sagebrush-
dependent (obligate or associated) vertebrate species of conservation concern at coarse
(range maps) scales, finer (occurrence models) scales, and management units (PACs); and
(if) whether the most biodiverse habitats coincide with sage-grouse habitats at these same
scales.
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Figure 1. The location of the Wyoming Basins ecoregional area in the western continental United
States. Sagebrush habitats include all sagebrush land cover types [61] mapped as sagebrush (see
[55]).

2. Materials and Methods
2.1. Study Area

The Wyoming Basins Ecoregional Assessment study area (WBEA) falls within five
western states: Montana, Idaho, Wyoming, Utah, and Colorado, with over 50% of the
WBEA located in Wyoming (Figure 1). Land management within WBEA primarily falls to
federal agencies (61%; U.S. Forest Service, Bureau of Land Management, National Park
Service, Bureau of Indian Affairs; [62]). Private landowners manage much of the
remaining land (33%), state agencies control 5%, and The Nature Conservancy manages
the remaining 1%. Although this area encompasses a portion of the Rocky Mountains, the
dominant vegetation type is sagebrush (38%), and two-thirds of the WBEA study area is
in Wyoming [63]. Less than 2% of sagebrush habitat in WBEA is protected from
conversion to other land cover types. Although multiple threats exist (climate change,
fragmentation, anthropogenic development, altered fire regimes, etc.; [42]), the presence
of large contiguous patches of sagebrush in this region continues to support one of the
most secure populations of sage-grouse in the West [41]. In addition, WBEA supports
numerous other sagebrush-dependent species as well as those associated with
mountainous and forested habitats (see [62] for a thorough description).
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2.2. Background Species

When considering the usefulness of sage-grouse (see [64]) as an umbrella species
within WBEA, we focused on six background species that have strong affiliations with
sagebrush habitats, including four sagebrush-obligate species and two sagebrush-
associated species. The three sagebrush-obligate bird species [65], Brewer’s sparrow
(Spizella breweri), sagebrush sparrow (Artemisiospiza nevadensis), and sage thrasher
(Oreoscoptes montanus), are considered to be the species of greatest conservation need in
the sagebrush shrubland ecoregion in Wyoming [66]. We also considered the pronghorn
(Antilocapra Americana; [67]), a big-game species that, while not considered a species of
concern in Wyoming, relies on sagebrush habitats throughout the year for food and cover
[68]. In addition, pronghorn are an economically important species, with almost half
(47.1%) of the total population found in Wyoming [69]. Outdoor recreation, including big-
game hunting, contributes $5.6 billion in spending annually to the state economy [70], and
over 50,000 hunters participated in the pronghorn harvest in Wyoming in 2019 [71]. All
four obligate species are tightly tied to sagebrush habitats and have some measure of
vulnerability because of this association [66]. Sagebrush steppe is one of the most
imperiled ecosystems in North America [72], and habitat loss from anthropogenic
disturbances in sagebrush landscapes has been shown to have negative impacts on sage-
grouse [73-75] and sagebrush sparrow [76-78]. Although Brewer’s sparrow, sagebrush
sparrow, and sage thrasher coexist with sage-grouse in this region, these species may not
necessarily benefit from the sage-grouse umbrella. Habitat manipulations undertaken to
benefit sage-grouse can negatively affect other sagebrush-obligate vertebrates, as these
species clearly partition their niches [79].

Sagebrush-associated species with weaker, but still significant, associations to
sagebrush may also benefit from management under a sage-grouse umbrella. The
sagebrush-associated species that we evaluated were the green-tailed towhee (Pipilo
chlorurus; [65]) and the greater short-horned lizard (Phrynosoma hernandesi, hereafter
“short-horned lizard”; [80]). While neither of these species are currently thought to be at
risk in the region [66], both have characteristics that make them of management interest.
The green-tailed towhee is a shrubland species that favors the ecotone between sagebrush
and other shrub species [81]. The species’ foraging behaviors are adapted for open
woodlands with a shrub understory, precisely the types of habitats targeted for conifer
removal under sage-grouse management plans [82]. Short-horned lizards occur in a wide
array of habitats. Though limited in distribution, the species is a conservation concern
primarily because little is known about their habitat requirements and ecology [59,66]. We
could have considered non-sagebrush-dependent species, which would alter our
assessment and results, but also take our focus away from specifically evaluating
sagebrush-dependent species under the sage-grouse umbrella.

All six background species have geographic ranges that substantially overlap that of
sage-grouse within our study area (Figure 2). Ranges for bird species were developed by
NatureServe [83] while that for the short-horned lizard was hand-digitized from maps in
Stebbins (2003; [84]). To produce the range map for pronghorn across the WBEA study
area, we combined the range maps for this species provided by the managing resource
agency in each of the five states which overlap the study area (see [85]). All range maps
should be considered the maximum extent of occurrence of the species within WBEA
rather than an area of occupancy [86]. This definition typically results in overestimates of
the true ranges [87,88], yet are regularly used in conservation planning because of the
need to be inclusive rather than exclusive.
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Figure 2. Species distribution range maps of individual sagebrush-dependent species (Brewer’s
sparrow (Spizella breweri), sagebrush sparrow (Artemisiospiza nevadensis), sage thrasher (Oreoscoptes
montanus), pronghorn (Antilocapra americana), green-tailed towhee (Pipilo chlorurus), and greater
short-horned lizard (Phrynosoma hernandesi)) within the Wyoming Basins (left panels) with a course
spatial estimate of biodiversity (richness, right panel) based on summing the range map overlaps
for all six species. Original species range distributions are adapted from Hanser et al. [55]. Greater
sage-grouse (Centrocercus urophasianus) range shown in hatching.

2.3. Data Analyses

We conducted a hierarchical assessment of species overlap with and without sage-
grouse, beginning with a simple comparison of range maps, followed by an assessment of
spatial overlap from predicted occurrence models, which spatially identify ‘habitat’ for
each species. First, we determined the amount of range overlap between sage-grouse and
the background species within WBEA using overlays in ArcMAP 10.2 (Redlands, CA,
USA) with existing range maps or predicted models for each species [55]. We calculated
the percentage of WBEA that was designated as a given species range and then assessed
how much of a species range within WBEA was captured by the sage-grouse range. This
afforded some insight into the potential of sage-grouse as an umbrella for each sagebrush-
dependent (obligate/associated) species across vertebrate taxonomic groups. We then
assessed biodiversity (species richness) as the cumulative number of sagebrush-
dependent species whose range overlapped a given pixel. Richness values range from 1-
6 and we compared these with the range overlap of greater sage-grouse.

To highlight the importance of considering data resolution (i.e., coarse range maps
versus model-predicted occurrence relationships) when initiating management actions,
we carried out the same assessment outlined above using the model-predicted occurrence
layers developed from field data and statistical models [55]. Models of occurrence or
abundance were based on environmental (i.e., sagebrush cover), anthropogenic (i.e.,
distance to roads), and abiotic (i.e., terrain indices) covariates [55] for all species, including
sage-grouse, and only predicted within the extent of each species’ known range [55]. We
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thresholded abundance models (Poisson or negative binomial) developed for Brewer’s
sparrow, sage thrasher, and sagebrush sparrow from point counts, to define the
occurrence of suitable habitat that was predicted to support at least one breeding songbird
pair [65]. Sage-grouse occurrence was previously modeled using an ordered logistic
regression model to predict the absence, low abundance, and high abundance of sage-
grouse pellets from transect surveys [64]. For our application, we considered both low and
high abundance to define sage-grouse occurrence and therefore identified habitats used
by sage-grouse. Pronghorn and short-horned lizard logistic regression models predicted
occurrence based on presence and absence from transect surveys [67]. Thus, surfaces
considered in our analyses represented predicted occurrences of each species at 90 m
resolution across the WBEA study area [64,65,67,80], where predictions were restricted to
roughly 289,120 km? of sagebrush habitat within the WBEA [56]. We similarly developed
biodiversity richness assessments based on predicted occurrence for each species across
the WBEA. We evaluated predicted species distributions and richness throughout the
WBEA and the overlapping sage-grouse distributional range within the basin.

To further evaluate the effectiveness of conservation efforts, we assessed the ability
of PACs to capture species richness within the WBEA. PACs were identified by the
Western Association of Fish and Wildlife Agencies (WAFWA) as sage-grouse
management areas, based upon the high density of sage-grouse attending leks (breeding
display sites), essentially buffering those leks based on the distances females move from
a lek to nest. These PACs are thought to capture 75% of breeding populations within 25%
of the species’ range [89], although explicit occupancy and abundance are not mapped
with this process. Since the location of PACs was restricted to known sage-grouse range,
we assessed the effectiveness of PACs at capturing 1) sage-grouse predicted occurrence,
and 2) areas of biodiversity. Background species were not assessed individually in relation
to PACs.

3. Results
3.1. Sage-Grouse and Species Distribution
3.1.1. Range Maps and Sage-Grouse Overlap

Brewer’s sparrow range was the most ubiquitous, covering the entire WBEA study
area, while pronghorn range was the most limited within the Wyoming Basins (46%; Table
1). When considering species ranges within the WBEA captured by the delineated sage-
grouse range (47% of WBEA; Table 1), pronghorn had the highest proportion of their
range captured (86%) while Brewer’s sparrow had the least (47%; Table 1). The extent of
each species’ distribution is delineated by range maps shown in Figure 2.

Table 1. The percentage of the Wyoming Basins (WBEA) study area that is considered habitat for
sagebrush-dependent species (Brewer's sparrow (Spizella breweri), sagebrush sparrow
(Artemisiospiza nevadensis), sage thrasher (Oreoscoptes montanus), pronghorn (Antilocapra americana),
green-tailed towhee (Pipilo chlorurus), greater short-horned lizard (Phrynosoma hernandesi), and the
greater sage-grouse (Centrocercus urophasianus; sage-grouse)) based on range maps and species
occurrence models. Also included is the percentage of each species’ range within the WBEA that
overlaps with the sage-grouse range and predicted occurrence. Reported percentages are relative to
the WBEA area (345,300 km?; range maps) and the predicted space within the WBEA (289,000 km?;
species occurrence models). Original species range distributions and predicted occurrence models
are adapted from Hanser et al. [55].

Range Maps Species Occurrence Models
Area Percent of Area Area Percent of AreaPercent of Area
...  Percentof within WBEA ... .  Percent of within WBEA within WBEA
Species within WBEA  Captured by within WBEA  Captured by Captured by
WBEA (%) Sage-Grouse WBEA (%) Sage-Grouse Sage-Grouse
(km?) (km?)

Range Range Occurrence
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(%) (%) (%)
Brewer’s sparrow 345,300 100 47 267,335 92 60 64
sagebrush sparrow 189,915 55 69 136,686 47 66 44
sage thrasher 317,676 92 51 106,325 37 96 55
green-tailed towhee 303,864 88 53 179,686 62 38 10
short-horned lizard 265,881 77 56 46,833 16 98 67
pronghorn 158,838 46 86 204,399 71 48 21
greater sage-grouse 162,291 47 100 69,387 24 100

Short-horned Lizard

l:l Predicted species occurrence
0 125 250 500 Kilometers
m Greater sage-grouse range } ‘ + + t ' : + |

3.1.2. Species Occurrence Models and Sage-Grouse Overlap

Occurrence for each background species was predicted over less of the WBEA, when
compared to range maps, for all species except pronghorn (Table 1; Figure 3). Sage-grouse
were predicted to occur across 24% of the entire WBEA (Table 1; compared to 47% based
on the range map). Brewer’s sparrow was again the most widespread of the species and
the greater short-horned lizard and sage thrasher had the most restrictive predicted
habitat occurrence of the background species. Still, these more restricted species had at
least 90% of their predicted habitat within the WBEA captured by the sage-grouse range,
while the widespread Brewer’s sparrow had much less of their predicted habitat fall
within the sage-grouse range (Table 1; Figure 3).

Predicted Richness
- 0 Species

- 1 Species

- 2 Species

‘:I 3 Species

l:l 4 Species

l:l 5 Species

- 6 Species

I:l Not assessed

W Greater sage-grouse range

Pronghorn

Figure 3. The predicted occurrence of sagebrush-dependent species (Brewer’s sparrow (Spizella
breweri), sagebrush sparrow (Artemisiospiza nevadensis), sage thrasher (Oreoscoptes montanus),
pronghorn (Antilocapra americana), green-tailed towhee (Pipilo chlorurus) and greater short-horned
lizard (Phrynosoma hernandesi)) within the Wyoming Basins based on predicted species abundance
or occurrence models (left panels) with combined predictions estimating biodiversity (species
richness, right panel) from summing predicted occurrence for all six species. Models are predicted
at 90 m pixels and are adapted from Hanser et al. [55].
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Limiting the evaluation to areas where sage-grouse were predicted to occur was
much more restrictive, with only 39% of the sage-grouse range within the WBEA (Table
2; Figure 4) predicted to support sage-grouse occurrence. Background species habitat,
based on predicted occurrence models, varied in their overlap with predicted sage-grouse
occurrence (Table 2). Although Brewer’s sparrow was predicted to occur across virtually
all sage-grouse range within the WBEA (Figure 4), predicted sage-grouse occurrence (24%
of WBEA; Table 1) captured 39% of Brewer’s sparrow occurrence (Table 2). Across the
entire WBEA, 64% of Brewer’s sparrow occurrence was captured by sage-grouse
occurrence (64%; Table 1; Figure 3). Green-tailed towhee was predicted to occur across
42% of the sage-grouse range; 27% occurrence coincided with predicted sage-grouse
occurrence (Table 2). Across the entire WBEA, 10% of predicted green-tailed towhee
occurrence was captured by sage-grouse occurrence (Table 1; Figure 3). Pronghorn had
60% predicted occurrence within sage-grouse range, and 44% of pronghorn habitats
aligned with predicted sage-grouse occurrence (Table 2; Figure 4). That percentage was
much smaller (21%) when considering the predicted occurrence for pronghorn across the
entire WBEA (Table 1; Figure 3). The short-horned lizard had the lowest predicted
occurrence (28%) within the sage-grouse range; 68% of that aligned with predicted sage-
grouse occurrence (Table 2), and nearly all of that overlap was captured (67%) when
considering the predicted occurrence for lizards across the entire WBEA (Table 1; Figure
3). Sagebrush sparrow and sage thrasher both had greater than 55% predicted occurrence
within the sage-grouse range, but only about half of those habitats coincided with
predicted sage-grouse habitat (Table 2; Figure 4). Of the total predicted occurrence of
Sagebrush sparrow and Sage thrasher across the WBEA, 32% and 52% coincided with
predicted sage-grouse occurrence (Table 1; Figure 3).

Short-horned Lizard Pronghom

[T ‘species preicted habitat only 0 125 250 500 Kilometers
l:] GRSG predicted habitat only

- Species and GRSG habitat

I:I Not assessed

Greater Sage-grouse range
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Figure 4. Model-predicted habitat occurrence of sagebrush-dependent species (Brewer’s sparrow
(Spizella breweri), sagebrush sparrow (Artemisiospiza nevadensis), sage thrasher (Oreoscoptes
montanus], pronghorn (Antilocapra americana), green-tailed towhee (Pipilo chlorurus) and greater
short-horned lizard (Phrynosoma hernandesi)) in comparison with predicted greater sage-grouse
(GRSG; Centrocercus urophasianus; sage-grouse) habitat occurrence restricted to the sage-grouse
range within the Wyoming Basin Ecoregional Assessment study area. Each panel shows the
concordance (overlap) of each species’ predicted habitat (occurrence) with predicted sage-grouse
habitat (occurrence). All models are based on 90 m predictions and are adapted from those
developed by Hanser et al. [55].

3.1.3. Management Areas and Sage-Grouse Overlap

Within the WBEA sage-grouse range, 39% was predicted sage-grouse occurrence
(Table 2), 46% of which was captured by the Priority Areas for Conservation (PACs).

Table 2. Comparison of species’ predicted occurrence within the Wyoming Basins (WBEA)
restricted to the greater sage-grouse (Centrocercus urophasianus; sage-grouse) range. Species included
Brewer’s sparrow (Spizella breweri), sagebrush sparrow (Artemisiospiza nevadensis), sage thrasher
(Oreoscoptes montanus), pronghorn (Antilocapra americana), green-tailed towhee (Pipilo chlorurus), and
greater short-horned lizard (Phrynosoma hernandesi). Occurrence percentages are relative to the
predicted occurrence within WBEA greater sage-grouse range (162,780 km?). Models are predicted
at 90 m pixels and are adapted from Hanser et al. [55].

P 1
Area within ercent Overlap

Percent of with Sage-Grouse
. Sage-Grouse )
Species Range Sage-Grouse Range Predicted
5 (%) Occurrence
(hem?) (%)
o
Brewer’s sparrow 161,253 99 39
sagebrush sparrow 90,827 56 48
sage thrasher 95,512 59 58
green-tailed towhee 68,532 42 27
short-horned lizard 46,031 28 68
pronghorn 98,501 60 44
greater sage-grouse 63,486 39

3.2. Sage-Grouse and Species Richness
3.2.1. Range Maps and Richness

Using coarsely mapped range boundaries as surrogates for suitable habitat, roughly
33% of the WBEA had mapped ranges overlapping for all six background species, 96% of
which occurred within the delineated sage-grouse range (Table 3; Figure 2). Seventy-
seven percent of the WBEA had a richness of four or more background species based on
range maps (Table 3; Figure 2). While richness areas containing five or six species were
well captured by the sage-grouse range map, lower richness areas (containing 1-4 species)
were less well represented, with 12% or less of these areas captured (Table 3; Figure 2).
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Table 3. The percentage of the Wyoming Basins (WBEA) study area that is estimated to support
varying degrees of species richness based on range maps and occurrence models of background
species. Also included is the percentage of each richness level within the WBEA that overlaps with
the greater-sage grouse (Centrocercus urophasianus; sage-grouse) range and predicted occurrence.
Reported percentages are relative to the WBEA area (345,300 km?; range maps) and the predicted
space within the WBEA (289,000 km? species occurrence models). Original species range
distributions and predicted occurrence models are adapted from Hanser et al. [55].

Range Maps Species Occurrence Models
Percent of Area Percent of Area Percent of Area
Area within Percent of vgthm deI]j A Area within Percent of “gthm “;B: A “gthm “;BE A
Richness WBEA WBEA S:gp:lcr;ious}e,: WBEA WBEA S:g:}lcr;ous}é S:;)et}lcr;iousz
(km?) (%) (km?) (%)
Range Range Occurrence
(%) (%) (%)
1 Species 13,814 4 2 7,774 3 49 11
2 Species 17,277 5 8 56,964 20 52 8

3 Species 48,350 14 12 112,718 39 48 15
4 Species 62,164 18 5 79,347 27 56 31
5 Species 89,792 26 40 28,333 10 95 73
6 Species 113,967 33 96 3,701 1 99 65

3.2.2. Species Occurrence Models and Richness

When using predicted species occurrence models to define habitat, the proportion of
the landscape that supported the most biodiverse areas was limited, with only 1% of the
WBEA projected to have co-occurrence of all six background species; however, virtually
all of those highest richness areas (99%) occurred within the delineated sage-grouse range
and 65% of these areas also overlapped with predicted sage-grouse occurrence (Table 3;
Figure 3). Similarly, while only 10% of WBEA was predicted to have five of the
background species co-occur, 95% and 73% of that habitat was contained within the sage-
grouse range or coincided with predicted sage-grouse occurrence, respectively.
Approximately 38% of WBEA was predicted to support high-richness areas based on
predicted occurrence maps (co-occurrence of 4-6 background species), and roughly two-
thirds (67%) of those areas also occurred within the sage-grouse range (Table 3; Figure 3).
Less biodiverse areas were not as well captured (Table 3; Figure 3).

3.2.3. Management Areas within Sage-Grouse Range and Richness from Predicted
Occurrence

Fifty-nine percent of predicted sage-grouse occurrence fell within PACs. Biodiverse
areas identified by the high richness of predicted background species occurrence were
limited to a small portion of the sage-grouse range (i.e., 2% for co-occurrence of all six
species; Table 4; Figures 3 and 5). Areas supporting four or more species (i.e., high richness
> 4) cumulatively covered 47% of the sage-grouse range (Table 4; Figure 5A). Within the
WBEA sage-grouse range, high richness habitats collectively covered 75,457 km? (Table 4).
Sixty percent of these high richness habitats were captured by model-predicted sage-
grouse occurrence (Table 4; Figure 5B). Comparatively, the PACs coincided with 56% of
high richness habitats, by area, across the sage-grouse range (Table 4; Figure 5C).
However, the PACs encompassed a larger proportion of areas identified as having lower
richness (1-3 species) than did predicted sage-grouse occurrence (Table 4; Figure 5C).



Land 2024, 13, 123

12 of 22

Species richness
I 0 Species
B 1 Species
I 2 Species

3 Species

4 Species
5 Species

I 6 Species

Not assessed

Greater sage-grouse
L] range

] wyoming basins

0 125 250 500 Kilometers

! 1 1 1 Il I 1 I
r T T T T T T T 1

Figure 5. Predicted biodiversity (species richness) based on the sum of predicted occurrence for
sagebrush-dependent species in the Wyoming Basins Ecoregional Assessment (WBEA) study area
(Brewer’s sparrow (Spizella breweri), sagebrush sparrow (Artemisiospiza nevadensis), sage thrasher
(Oreoscoptes montanus), green-tailed towhee (Pipilo chlorurus), greater short-horned lizard
(Phrynosoma hernandesi), and pronghorn (Antilocapra americana)). (A) Richness across the greater
sage-grouse (Centrocercus urophasianus; sage-grouse) range in the WBEA; (B) Richness overlap
within sage-grouse model-predicted occurrence of greater sage-grouse (non-gray; predicted
absences in gray); and (C) Richness overlap within priority areas for conservation (non-gray) is
shown for evaluation of a single species umbrella or identified conservation areas to capture
biodiverse habitat for sagebrush vertebrates. All models are based on 90 m predictions and are
adapted from those developed by Hanser et al. [55].
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Table 4. Richness within the Wyoming Basins (WBEA) greater sage-grouse (Centrocercus
urophasianus; sage-grouse) range, model-predicted sage-grouse occurrence and priority areas of
conservation. Richness was calculated based on the sum of predicted occurrence for sagebrush-
dependent species (Brewer's sparrow (Spizella breweri), sagebrush sparrow (Artemisiospiza
nevadensis), sage thrasher (Oreoscoptes montanus), pronghorn (Antilocapra americana), green-tailed
towhee (Pipilo chlorurus) and greater short-horned lizard (Phrynosoma hernandesi)). Reported
percentages are relative to the richness within the background species’” combined model space
within WBEA sage-grouse range (162,790 km?). All models are based on 90 m predictions and are
adapted from those developed by Hanser et al. [55].

Percent within Percent within

Area within Percent of WBEA WBEA
WBEA WBEA Sage-Grouse Sage-Grouse
Richness Sage-Grouse Sage-Grouse = Range Captured Range Captured
Range Range by Sage-Grouse by
(km?) (%) Occurrence PACs
(%) (%)
1 Species 3831 2 15 43
2 Species 29,770 18 11 31
3 Species 53,732 33 27 41
4 Species 44,863 28 50 52
5 Species 26,944 17 75 62
6 Species 3650 2 64 71

4. Discussion

Broad-scale range maps can be effective at capturing fundamental niche conditions
[22], and in the absence of empirically modeled habitat relationships that more discretely
predict occurrence across space, such maps can work well to predict biodiversity hotspots
[23]. Not all habitat within a species’ range is necessarily used, nor contributes the
resources required to sustain populations (realized niche concept; [18,19]). In the
sagebrush ecosystem, we found that range maps suggested 33% of all habitats effectively
supported all six of the sagebrush-dependent background species of conservation concern
across our study area (Table 3; Figure 2). However, predicted occurrence models
suggested that only 1% of the WBEA contained realized niche conditions that could
support all six species (Table 3; Figure 3). While these biodiverse areas were largely
contained within the sage-grouse range (five species: 95%; all six species: 99%; Table 3),
these areas represent a relatively small portion of the sage-grouse range (19% combined;
Table 4). Although hotspots of biodiversity are limited, the sage-grouse occurrence model
appears to do less well capturing hotspots on the landscape (75% and 64% of five and six
species classes, respectively; Table 4). However, the occurrence model is much more
discriminatory, only identifying 24% of the WBEA as predicted sage-grouse habitat (Table
1), while the range map classifies 47% as being sage-grouse habitat (Table 1). Scale of
inference clearly plays a role here, but caution should be exercised when applying broad-
scale range maps to identify biodiversity hotspots for conservation. Conservation actions
can be expensive, and the increased resolution of the occurrence models should help
target actions to benefit multiple species.

An effective umbrella species occupies and uses a diversity of habitats over a broad
landscape [25], such that any habitat protections for that species should effectively capture
the niche requirements of many species falling under that umbrella [27]. Conceptually,
sage-grouse should make an effective umbrella to conserve other species and the entire
sagebrush ecosystem [35], as they are a sagebrush-obligate species [37], have diverse
resource requirements across life stages [90], and occupy large home ranges [91]. In
addition, unprecedented conservation and management efforts for the species have been
undertaken since the turn of the century [43]. In practice, the umbrella concept can be
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difficult to achieve. Taxonomic differences [23,33], variation in scales of resource
requirements [92], and simple niche segregation/partitioning [19] could make it difficult
for one species to capture many other species, resulting in holes in the sage-grouse
umbrella [32]. Indeed, our analyses suggest that at the most basic level, as an umbrella for
other sagebrush-obligate birds (Brewer’s sparrow, sagebrush sparrow, and sage thrasher),
sage-grouse may be only partially effective, as has been found by others [32,93]. Even
when explicitly considering model-predicted annual sage-grouse habitat requirements
from pellet occurrence [64], sage-grouse only partially (39-58%, Table 2) captured all
habitats identified for sagebrush-obligate songbirds from count-based models [65]. It is
possible that our occurrence models may not have suitably captured niche conditions for
each species by not directly considering population processes. However, the sagebrush-
obligate songbird models, which were successfully [65] validated using independent
Breeding Bird Survey data [94], did track the density of bird species, which may be a better
indicator by means of which to capture the true demography [95] and better represent the
umbrella [60], and thus, umbrella effectiveness. It may be useful to further assess whether
the sage-grouse umbrella captures resource conditions that support stable or increasing
songbird populations (sources based on demography) better than the overlap with
individual species occurrence. However, population trajectories of sage-grouse and these
obligate songbirds are not necessarily correlated [96]. Also, more than one sagebrush
ecosystem umbrella species might need to be considered, if species with different niche
requirements than sage-grouse are to be protected [59,93,97]. Similarly, umbrella species
from other systems may need to be considered, so species at ecotone boundaries do not
fall through the umbrella [98]. This is a concern with the pinyon jay (Gymnorhinus
cyanocephalus), occurring at the shrub-forest ecotone, where jay abundance has been
shown to increase with greater cover of both pinyon—juniper (juniper — Juniperus spp., and
pinyon pines— Pinus edulis and Pinus monophyla) and sagebrush [93,99].

Priority Areas for Conservation (PACs) were previously identified for 39 sage-grouse
populations across the species’ range, where conservation efforts would be emphasized
to help maintain sage-grouse populations and associated species [43]. PACs have been
shown to capture areas supporting higher sage-grouse population trends [96]. However,
despite PACs reportedly capturing 75% of the breeding sage-grouse populations within
25% of the species range [89], only 59% of model-predicted sage-grouse habitat in the
WBEA was ‘protected’” by these conservation areas (Figure 5). Although our results
support the application of the PACs to conserve and protect sage-grouse habitat and
sagebrush-dependent species, it may be that more explicit mapping of sage-grouse
resource requirements [90,100,101] is required to better identify and manage habitats for
the persistence of sage-grouse populations [102]. While the sage-grouse occurrence model
only marginally improved the capture of biodiverse (richness > 4 species) habitats within
WBEA sage-grouse range compared to capture by PACs (60% versus 56%, by area; Table
4), the buffering approach used to define the PACs effectively includes more of the
landscape than the more restrictive sage-grouse occurrence model (75,276 km? versus
44,976 km?; Figure 5). These additional landscapes may include other habitats not directly
used by sage-grouse. Thus, PACs encompass more habitats with lower species richness
(1-3 species; Table 4), which tended to capture the diversity of niche requirements for
other species, particularly those of species not as closely aligned to sage-grouse. This may
be useful, but invokes management or protection across nearly twice the landscape area.

Spatially explicit predictive models enabled the assessment of realized distributions
rather than solely focusing on the broad extent provided by coarse-scale range or
distribution maps [19]. Predictive models for all species used in our analyses were
developed using a standardized suite of habitat and anthropogenic covariates [55],
enabling us to gain insight into why some species are better captured than others by the
sage-grouse umbrella. Sage-grouse had a strong positive relationship with sagebrush
habitat within a 1 km radius [64]. This strong affinity to sagebrush as a specialist is one of
the attributes for defining a good candidate for an umbrella species [29,30]. The three
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sagebrush-obligate bird species (Brewer’s sparrow, sagebrush sparrow, and sage thrasher)
also shared this affinity for sagebrush landscapes and all three had reasonable overlap
with sage-grouse occurrence. In general, the passerine birds had more extensive
distributions than the realized distribution of sage-grouse (see Table 1), which reduced
their potential to be fully covered under the umbrella. However, the specific types of
sagebrush habitats and scale of the response in the occurrence models we based our
analysis on led to different distributions within the study area. For example, the sage
thrasher was dependent on big sagebrush (A. tridentata) at smaller spatial scales (270 m
vs. 1 km) while the sagebrush sparrow responded to all sagebrush types within an 18 km
radius [65], which likely led to a higher level of concordance for sage thrasher because its
occurrence was nested within areas predicted to support sage-grouse.

A further examination of covariates included in the predictive models we used to
define habitat for sagebrush-associated species provides additional explanation for the
differences we observed. The green-tailed towhee was predicted to occur in mountain
foothill sagebrush communities that have higher productivity and are in proximity to
forests or woodlands [65]. These habitat conditions are generally avoided by sage-grouse
during most of the year, except for some brood-rearing habitats in the late-summer or fall
[37], helping to explain the lack of concordance between green-tailed towhee and sage-
grouse occurrence models (Table 2). Pronghorn had a weak affinity for sagebrush at a
local scale [67], but additional similarities to sage-grouse in responses to environmental
and anthropogenic features (riparian, elevation, powerlines and roads) led to a similar
response with sage-grouse [64] and a fairly moderate degree of habitat overlap (44%,
Table 2; Figure 4) within the sage-grouse range. The distribution of the greater short-
horned lizard is limited to the eastern portion of the sagebrush biome [59], but 98% of the
range was contained within the sage-grouse range in our study area (Table 1). For such
species with small ranges that are largely contained within the range of greater sage-
grouse, broad management actions across the sage-grouse range may be less likely to
directly capture and benefit these species [59]. In this case, 68% of the predicted lizard
occurrence overlapped with predicted sage-grouse habitat (Table 2; Figure 4), the highest
proportion of habitats captured by the sage-grouse umbrella. However, it is important to
consider explicit habitat associations. Short-horned lizards were predicted to occur within
large landscapes containing expanses of sagebrush (5 km; [80]), similar to sage-grouse.
While rare species are often not captured by umbrella species [15] or biodiversity hotspots
[103], the short-horned lizard’s affinity for sagebrush habitats in that occurrence model
[80] led to a strong predicted overlap under the sage-grouse umbrella, which has been
observed range-wide as well [59,104]. Notably, short-horned lizards also occur in habitats
with lower productivity, restrained to relatively flat terrain and low moisture [80]. Thus,
management actions targeted at enhancing sagebrush and perennial herbaceous cover for
sage-grouse may not benefit lizards.

We focused on six sagebrush-dependent vertebrate species with sufficient sample
sizes from our study area to support previous modeling efforts [55], but numerous other
members of this ecosystem may occur within the sage-grouse range, and the usefulness
of this umbrella is relatively unknown (but see [32]) until these species are directly
evaluated [105]. Indeed, even slight differences in habitat associations can fail to produce
the desired conservation outcomes [106]. Statistical advances from hierarchical
community models permit studying the entire community, including sparse records from
rare species [107,108], but these also implicitly assume rare species respond similarly to
the mean community response, informed by more common species [109]. We did not
consider non-sagebrush-dependent species, and these are expected to be less well
conserved by the sage-grouse umbrella [32,98,110]. Additionally, invertebrates such as
arthropods and insects are relatively understudied compared with vertebrates and are
seldom considered when evaluating the conservation potential of focal species [111].
Aside from sagebrush cover, forbs are important components of sage-grouse brood-
rearing habitat [112] and increasing forb cover may benefit invertebrate communities [113];
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sage-grouse abundance has been shown to correspond with harvester ant abundance [97].
We only studied one reptile species, but analyses of the broader reptile community may
support the sage-grouse umbrella concept for many species in this group, albeit with
variability [59]. Other data types could be incorporated in our approach to represent
species distribution and habitat use, including migration corridors for ungulates [114].

While we relied on coarse distribution maps and predicted occurrence to evaluate
overlap with greater sage-grouse habitat and protected areas, additional demographic
and population data are needed to adequately assess conservation value [95,115]. For
example, population trends of songbirds did not correspond with the location of PACs
across Wyoming [96]. The relevance of sage-grouse to the abundance of sagebrush-
obligate species also has been inconsistent [110,116]. Furthermore, the overlap of species
in the broader landscape does not indicate how species may respond to management
aimed at benefiting sage-grouse. Reductions in sagebrush cover to promote brood-rearing
habitat may be detrimental to other sagebrush-obligate species [79,117,118]. Finally,
correlations in distribution also depend on the scale at which these are examined [119],
and concordance at broader scales may contrast with disparities at finer scales [110,116].
Assessing occurrence across multiple scales [92] may be required to better understand
overlapping niche conditions, as richness indices tend not to capture diverse taxonomic
groups across large spatial extents (i.e., continental USA; [23]).

Opportunities to conserve important habitats under the sage-grouse umbrella are
increasingly limited by anthropogenic activities that reduce the availability and ecosystem
function of sagebrush, potentially limiting its ability to support species. Cultivation and
energy development continue to fragment, degrade, and reduce habitat cover,
particularly in the eastern sage-grouse range [120,121]. Wildfires and the subsequent
invasion of annual grasses are driving sagebrush loss across the western range [122-124].
Climate change is expected to further reduce sagebrush cover [125], increase drought
severity, and influence conifer encroachment. Identifying and protecting local hotspots
that provide habitat for multiple species can be an effective strategy to buffer against
further species declines that result from landscape change. Such preventative actions are
more efficient than restoring habitats and recovering populations, particularly when a
high degree of intervention is required to avert species extinction. However, as the
sagebrush ecosystem continues to change, the spatial coverage of the sage-grouse
umbrella will not always stand up to the ‘weather’ and new holes in the umbrella will
develop as species’ habitats are altered. Yet, umbrella analyses can be important
conservation planning tools that can inform near-term conservation investments.

5. Conclusions

We assessed the realized niche conditions of multiple sagebrush-dependent species
under the umbrella of the greater sage-grouse, and the umbrella did account for the needs
of multiple sagebrush species of concern in key hotspots (e.g., sagebrush-dependent
vertebrates); however, the umbrella was not a catch-all. Species needs are diverse and
scale-dependent, influencing the degree to which umbrella species are suitable surrogates
for habitat protection. Focal species can provide an effective umbrella that includes
hotspots of species richness, but holes in coverage should also be expected [32].
Conservation planning aimed at multiple species will need to consider what might be
missed by not explicitly identifying species’ specific needs. Although the umbrella
concept and related analyses have limitations, they provide a simple approach that can
facilitate conservation actions for multiple species. The sage-grouse umbrella in our
assessment was able to capture the most biodiverse hot spots where all six species were
predicted to occur. However, other biodiverse areas with 4-5 species were not as well
captured, and for some species, only a small portion (<10%) of predicted habitat was
captured by sage-grouse, despite only including other sagebrush-dependent species.
Management actions could use a dual conservation approach, considering measures that
protect biodiverse habitats for sagebrush-dependent species, while also focusing on high
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richness values from our predicted occurrence models that fall outside of the sage-grouse
umbrella.

Realistic conservation planning requires consideration of funding resources and the
socio-ecological climate in which management and resource decisions are made. Using
charismatic species that attract conservation resources to serve as an umbrella species can
be a practical means of mobilizing interest and resources to achieve broader conservation
objectives. In the sagebrush ecosystem, greater sage-grouse represent a reasonable
umbrella not only due to their diverse habitat requirements and broad range, but because
of the financial investments directed towards the management of this species [114,126].
However, understanding how well an umbrella might work, and which species are not
well captured, could help to better target conservation and management efforts. While
this requires good spatial data and the development of detailed spatial models that predict
species resource needs across the landscape, such models are becoming more common
(e.g., [93,104]). The billions of dollars that have or will be used to support sage-grouse
conservation initiatives could be targeted to specific locations that jointly maximize the
conservation of sage-grouse and other species, while also avoiding potential negative
consequences to non-target species [93,99]. Rather than assuming an umbrella species
adequately covers the needs of several species, analyses such as those summarized here
provide a data-driven means to identify locations with high species richness and
likelihood of occurrence. Prioritizing these landscapes for habitat protection and
restoration can help to meet national and international goals to conserve 30 percent of
land and water by 2030 [11].
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