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Abstract: Freshwater biodiversity is declining faster than terrestrial and marine biodiversity. The pro-
tection and restoration of aquatic habitats are based, in part, on stemming this decline. We conducted
a spatial conservation assessment of native fishes in the Lahontan and central Nevada basins using
core-area zonation. The complementarity-based assessment yielded a landscape value (rank) of all
subwatersheds (12-digit hydrologic unit code; ~12,000 ha) whereby high-ranking subwatersheds, as a
set, maximized the representation of all native species, subspecies, and the within-species ecological
diversity of salmonids, while accounting for aquatic connectivity and risk of aquatic habitat degrada-
tion. The high-ranking subwatersheds encapsulated small patches of habitat inhabited by endemic
desert fishes, as in the Ash Meadows National Wildlife Refuge. They also highlighted clusters of
high-value subwatersheds, such as in the Truckee River watershed that has extant populations of, and
historical habitat for, Lahontan cutthroat trout in its headwaters, with species such as the mountain
whitefish with migratory life histories, and endemic cui-ui, Chasmistes cujus, at Pyramid Lake—a
terminal lake. Both the Truckee River headwaters and Pyramid Lake have been recipients of ongoing
native fish conservation efforts. The landscape rankings will be used by the Desert Fish Habitat
Partnership to inform regional conservation investments, and the rankings are available for broader
use by resource agencies working on native fish conservation at landscape scales.

Keywords: Nevada; conservation; spatial conservation prioritization; zonation; landscape value

1. Introduction

Global biodiversity is in decline [1,2], and the decline of aquatic organisms has out-
paced that of their terrestrial counterparts [3,4]. Habitat degradation and alteration, invasive
species, barriers to movement, and water pollution associated with anthropogenic land
and water use have been implicated in these declines [5]. For example, Muhlfeld, et al. [6]
found that 73% of 67 global trout and char species (family: Salmonidae) assessed under the
International Union for the Conservation of Nature (IUCN) framework were threatened
with extinction. Invasive species, overfishing, pollution, dams, and agriculture/grazing
were the five most-cited threats to the assessed species. A total of 57 of the 124 trout and
char species recognized by IUCN had not yet been assessed, highlighting an important
biodiversity information gap [7].

The protection of freshwater habitats is one strategy to conserve aquatic species.
Protection can take the form of threat abatement, such as excluding livestock from streams
because of the damage they cause [8,9]. Protection can also include formal protected area
designations with regulations focused on minimizing human impact (e.g., designated
wilderness in the United States), national river conservation systems (e.g., USA National
Wild and Scenic Rivers System), decrees and other executive policies, and more [10]. Despite
being a cornerstone of conservation, protected areas to date have had limited utility for
freshwater systems, because invasive species, fishing, water use, and habitat degradation
still occur within them [11].
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Aquatic habitat restoration has received considerable attention and funding in the
last three decades, sometimes with a goal of recovering imperiled species [12]. Many
approaches to habitat restoration and enhancement exist [9], but they are often implemented
one reach at a time because of limited funding. These small, individual projects can seem
disconnected from project goals, implementation, and evaluation if they are not part
of a larger watershed or regional plan [13,14]. Luckily, frameworks exist to prioritize
aquatic restoration within and among watersheds [15], and these frameworks can explicitly
incorporate the presence and abundance of species of conservation concern [9].

Williams et al. [16] proposed the Native Fish Conservation Areas (NFCAs) concept
as watersheds with diverse aquatic communities where integrated management should
emphasize (1) maintaining ecological processes that create habitat complexity, (2) nurturing
all life stages of species in the fish community, (3) including a large enough watershed to
facilitate the long-term persistence of fish populations, and (4) providing management that
is sustainable over time. Williams et al. [16] suggested a network of NFCAs could anchor
aquatic conservation needs across the United States. The NFCA concept has been used by
the USA state of Texas to identify watersheds based on native fish diversity in the state—
termed the Texas Native Fish Conservation Areas Network—that have been the focus of
watershed planning and conservation implementation [17,18]. Similar concepts have been
used to identify strategic conservation priorities for native black basses, Micropterus spp.,
in the southeastern USA [19]. Spatial conservation assessment frameworks now exist to
identify networks of watersheds that together maximize the representation and redundancy
of biodiversity in a complimentary way, while accounting for the interconnected and
dendritic nature of aquatic ecosystems [20–22].

Here, we provide a spatial conservation assessment of watersheds for native fishes
in the Lahontan and central Nevada basins (primarily in Nevada, USA) (Figure 1). The
assessment identified the conservation value (i.e., rank) of all subwatersheds (hydrologic
unit code 12) using existing data and complementarity-based methods, whereby high-
ranking subwatersheds, together as a set, maximized the representation of native fish
diversity across the study basins, including the ecological diversity of native salmonids
and subspecific diversity of non-game taxa. The assessment also accounted for the aquatic
connectivity among subwatersheds and the risk of degradation to aquatic habitats. The
landscape rankings highlight watersheds where strategic conservation investments could
benefit the persistence of native fishes across the landscape. The assessment will be used
to inform decision making by the Desert Fish Habitat Partnership, such as determining
whether projects proposed to their funding program are located in high-value watersheds
for native fishes in a region with a high level of endemism [23].
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Figure 1. Lahontan basin and central Nevada basins region, USA, as well as late Pleistocene lakes 
[24] that help shape contemporary ichthyological diversity. State boundaries, interstate highways, 
and city labels (Carson City, Las Vegas, Henderson)are shown for context. 

2. Materials and Methods 
2.1. Study Area 

The Great Basin in the western United States is the largest inland drainage in North 
America with no outlet to the sea [25]. It resides between the Rocky Mountains to the east 
and Sierra Nevada to the west, and it is south of the Columbia River basin to the north 
and north of the Colorado River basin to the south. The Great Basin is not one drainage 
basin, but rather numerous drainages resulting from geological folds and is a region 
characterized by mountains and deserts that drive large environmental gradients (0 m 
elevation near Death Valley to 2000 m elevation near Lake Tahoe). Lake Bonneville and 
Lake Lahontan were the two largest pluvial lakes in the Great Basin, with maximum 
elevations reached across various periods of the Pleistocene [24,26] (Figure 1). Other 
basins include the central (mostly in Nevada but also in California), northwest desert, and 

Figure 1. Lahontan basin and central Nevada basins region, USA, as well as late Pleistocene lakes [24]
that help shape contemporary ichthyological diversity. State boundaries, interstate highways, and
city labels (Carson City, Las Vegas, Henderson)are shown for context.

2. Materials and Methods
2.1. Study Area

The Great Basin in the western United States is the largest inland drainage in North
America with no outlet to the sea [25]. It resides between the Rocky Mountains to the east
and Sierra Nevada to the west, and it is south of the Columbia River basin to the north and
north of the Colorado River basin to the south. The Great Basin is not one drainage basin,
but rather numerous drainages resulting from geological folds and is a region characterized
by mountains and deserts that drive large environmental gradients (0 m elevation near
Death Valley to 2000 m elevation near Lake Tahoe). Lake Bonneville and Lake Lahontan
were the two largest pluvial lakes in the Great Basin, with maximum elevations reached
across various periods of the Pleistocene [24,26] (Figure 1). Other basins include the central
(mostly in Nevada but also in California), northwest desert, and northwest Oregon lakes
basins, as well as the Mojave–Death Valley region. While some separate the Humboldt
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basin from Lake Lahontan and combine it with the central basin [25], for this project, the
Humboldt was retained with the pluvial Lake Lahontan basin due to a shared fish species
pool. The central basins are the collective basins to the south [26,27] (Figure 1). Fishes in
the Great Basin reflect broader patterns of the southwestern USA, in that some species are
found nowhere else on Earth, and many of them are in peril, as evidenced by the fact that
nearly half are listed as threated or endangered under the USA Endangered Species Act
(ESA) [28].

2.2. The Approach: Native Fish Conservation Value of Subwatersheds

The spatial conservation assessment of native fishes at the subwatershed scale (12-digit
hydrologic unit code) in the Lahontan and central Nevada basins was conducted using
core-area zonation (CAZ). CAZ is a complementarity-based algorithm implemented in the
software Zonation 4.0 [29]. It results in a conservation value for each planning unit—in
our case, subwatersheds—in the analysis landscape that ranges from 0 (lowest value) to 1
(highest value). Core-area zonation is a hierarchical analysis that iteratively removes the
planning unit that results in the smallest aggregate loss in value across all species inputs,
while accounting for varying species weights, species-specific connectivity needs, and
potentially other factors (e.g., threats and uncertainties). It gives the highest value to rare
and highly weighted species (or other features of interest), and the lowest value to areas
with a small number of common and widespread species. The least valuable planning
unit is removed first, the next least valuable planning unit remaining is then removed, and
this removal process continues iteratively until there is only one planning unit left—the
most important one based on the collective species inputs. The iterative removal process
through CAZ results in the hierarchical ranking of all planning units in the focal landscape
that are then scaled from 0 to 1. The highest value areas complement each other as a set to
maximize the representation of all species included in the analysis.

2.3. Core-Area Zonation

More specifically, the CAZ algorithm bases the conservation value on the most im-
portant feature (i.e., species) in a planning unit, and thus gives high value to areas with a
single, rare, or highly weighted species. It is based on the minimum marginal loss for a
planning unit across species-specific input values [29]:

δi = maxj
qijwj

ci

where δi = the marginal loss across all j species (see below) for subwatershed planning
unit i; ci = the cost associated with the planning unit i, set at 1 for all planning units in
our analysis (i.e., it has no influence); and wj = the weight for species j, which, in our
case, was based on DFHP species rankings. DFHP species rankings are based on Global
Heritage Rank (natureserve.org, accessed on 15 January 2023), desert endemism, the need
for cross-jurisdictional cooperation, federal listing status, population status, and level of
management available for the species, as outlined in DFHP’s strategic plan [30,31]; and
qij = the proportion of the remaining distribution of species j located in planning unit i for a
given set of planning units (subwatersheds; see below) remaining during the current itera-
tion. The species inputs were defined as the known occurrence (present = 1; absent = 0) or
occurrence probability from a species distribution model (range: 0–1) for non-game species,
and the input was a linear density (#/km) for cutthroat trout populations, based on field
data (see below). The equation identifies the planning unit (subwatershed) with the highest
species input values across all species, while also retaining biodiversity-poor catchments
that have high occurrence values for rare (and highly weighted) species [31]. The planning
unit removal process was repeated iteratively until only one planning unit remained on
the landscape during the last iteration. This last planning unit was the most important,
and thus the highest valued or ranked, watershed across all watersheds in the analysis
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landscape. All features included in the CAZ analysis were converted to rasters with a
300 m cell size.

2.4. Planning Units

Core-area zonation is a cell-based removal algorithm, but it allows the use of planning
units so that all cells within a planning unit are removed together. We used 12-digit
hydrologic unit code subwatersheds (HUC12) from the Watershed Boundary Dataset [32]
as planning units. The Watershed Boundary Dataset (WBD) is a USA-based hydrologic
unit dataset, where units represent the areal extent of surface water drainage to an outlet
point on the dendritic stream network. A unit may represent only part of the total drainage
area for an outlet point. Subwatersheds are approximately 12,000 ha in size on average. As
mentioned above, all inputs were rasters with a 300 m cell size, and all grid cells within a
subwatershed were removed simultaneously during the iterative removal algorithm.

2.5. Fish Species Data
2.5.1. The 3 Rs for Native Trout

The 3 Rs—representation, redundancy, and resiliency—have provided a foundation for
efficient conservation assessment and planning, including for native trout [33]. Maximizing
the representation and redundancy of genetic purity, life history diversity, and geographic
diversity across populations, and managing for a high likelihood of population persistence
conferring resilience (high abundance and occupancy of large habitat patches), has been
suggested to provide the best hedge for cutthroat trout in an uncertain future [33]. We
integrated the representative elements of life history diversity and genetic diversity, as
well as linear density as a measure of resiliency, as subspecific ecological features of
Lahontan cutthroat trout, O. c. henshawi, in our spatial conservation assessment. To do
so, we used information from a rangewide database compiled to inform the status of the
subspecies where populations were delineated, using field data and professional judgment
on the 1:24,000 National Hydrography Dataset (NHD) flowline and waterbody feature
classes [34,35]. The database was attributed with information on genetic purity, life history
(resident, fluvial, and adfluvial), and historical habitat (Figure 2A). Uniquely identifiable
evolutionary units (UIEU) proposed by Peacock, Neville, and Finger [27] were used to
capture the representation of geographic and genetic diversity: eastern Lahontan, western
Lahontan, northwestern Lahontan, and Coyote Lake units (the Lake Alvord unit was
outside of our analysis domain). We treated unique ecological elements of populations
as separate ‘species’ in the analysis and divided the species-level weight among these
representative elements (Table 1).

2.5.2. Nevada Division of Natural Heritage Database

Species inputs for non-game species were either known occurrences or occurrence
probabilities from species distribution models (SDMs). Known occurrences were lines
(streams or rivers) or polygons (lakes, ponds, or wetlands) delineated with species oc-
currences (value = 1) from the Nevada Division of Natural Heritage (Figure 2B). These
delineations were based on data gathered and mapped from state and federal agency fishery
surveys, museum specimens, scientific collection permits, and academic research projects.
The mapping procedures followed the data standard methodologies set forth by Nature-
Serve in the Biotics database [36]. Non-game taxa were recognized at the subspecies level
tracked by NDNH, which recognizes genetic variation associated with hydrologic basins
for species such as the speckled dace, Rhinichthys osculus [37–39], and relict dace, Relictus
solitarius [40,41]. Many undescribed subspecies of Siphateles, Rhinichthys, and Catostomus
spp. in the Lahontan basin have been recognized as unique and/or isolated to the extent
that they are genetically and or morphologically distinct and warrant conservation status.
We included habitats of three subspecies thought to be extinct—the Grass Valley speckled
dace, High Rock Spring tui chub, and Ash Meadows poolfish (Heritage rank includes ‘SX’;
Table 1)—because strains of species once thought to be extinct from the region have been
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rediscovered elsewhere [42], and so we wanted these historical habitats represented in the
assessment, similar to including historical habitats for Lahontan cutthroat trout.
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Figure 2. Examples of species inputs for the Lahontan and central Nevada basins native fish conser-
vation assessment that included: (A) life history form for each Lahontan cutthroat trout population
from the 2009 status assessment, (B) lines representing streams, and polygons representing lacustrine
habitat of Railroad Valley tui chub and Railroad Valley springfish from the Nevada Division of Natu-
ral Heritage (NDNH) database, and (C) occurrence probabilities from species distribution models
when data were not available from the NDNH (mountain sucker); Global Biodiversity Information
Facility (GBIF) occurrence records are shown for mountain sucker (in grey).

2.5.3. Species Distribution Models

For broadly distributed species for which distribution data are not curated by NDNH,
occurrence probability predictions from SDMs were used as species inputs. Random forest
models were used to develop SDMs. When fit to binary (presence–absence) data, random
forest models are an ensemble of classification trees that predict a binary outcome from
a suite of environmental predictor variables [43]. Species presence data for the SDMs
were obtained from the Global Biodiversity Information Facility database [44]. These were
coupled with randomly generated pseudo-absences and environmental predictor variables
to fit random forest models for each species [43]. The number of pseudo-absences was 10
times the number of occurrences for each species to maximize model accuracy [45]. The
environmental predictor variables, known to influence the distributions of similar species
in nearby regions [46], were mean August stream temperature (◦C), percent canopy cover,
latitude (Albers Equal Area Northing), stream slope (unitless), mean annual precipitation
in watershed (mm), and cumulative drainage area (km2) from the National Stream Internet
dataset for the Lahontan basin [47,48]. The performance of each SDM was assessed using
the out-of-bag error and area under the curve (AUC) of a receiver operating characteristic
(ROC) plot. A generalized linear model for Lahontan cutthroat trout was also developed
using the same covariates as an SDM to provide a measure of the suitability of the streams
identified as historical habitats for the species in the status assessment [34]. The SDM
occurrence probability predictions were made on the National Stream Internet hydrography,
which is based on NHD medium-resolution (a 1:100,000 scale) hydrography (Figure 2C).
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Table 1. Common name, scientific name, Heritage ranks, model input type (presence from Nevada
Division of Natural Heritage [NDNH] or occurrence probability from a species distribution model
[SDM]), connectivity curve (upstream, downstream;), and DFHP rank for fish species and subspecies
included in the Lahontan and central Nevada basins native fish conservation assessment. Heritage
ranks are from Nevada Wildlife Action Plan. Species occurring in Nevada but outside our focal
basins are not listed. * indicates species was omitted from analysis due to data deficiency.

Common Name Scientific Name Heritage Rank Model Input Curve (Up,
Down)

DFHP Rank
(Weight)

Devils Hole Pupfish Cyprinodon diabolis G1S1 NDNH (0 or 1) 1, 1 1.89

Ash Meadows Amargosa Pupfish Cyprinodon nevadensis
mionectes G2T2S2 NDNH (0 or 1) 2, 2 1.67

Warm Springs Amargosa Pupfish Cyprinodon nevadensis
pectoralis G2T1S1 NDNH (0 or 1) 2, 2 2.22

Desert Dace Eremichthys acros G1S1 NDNH (0 or 1) 2, 2 2.22
Relict Dace Relictus solitarius G2G3S2S3 NDNH (0 or 1) 2, 2 2.56

Ash Meadows Speckled Dace Rhinichthys osculus
nevadensis G5T1S1 NDNH (0 or 1) 2, 2 2.00

Big Smoky Valley Speckled Dace Rhinichthys osculus lariversi G5T1S1 NDNH (0 or 1) 2, 1 1.89

Clover Valley Speckled Dace Rhinichthys osculus
oligoporus G5T1S1 NDNH (0 or 1) 2, 1 1.89

Diamond Valley Speckled Dace Rhinichthys osculus ssp. G5THSH NDNH (0 or 1) 2, 1 2.33
Grass Valley Speckled Dace Rhinichthys osculus reliquus G5T5SX NDNH (0 or 1) 2, 1 2.11
Independence Valley Speckled
Dace

Rhinichthys osculus
lethoporus G5T1S1 NDNH (0 or 1) 2, 1 1.89

Lahontan Basin Speckled Dace Rhinichthys osculus G5S5 SDM (0–1) 2, 1 1.00
Monitor Valley Speckled Dace Rhinichthys osculus spp. G5T1S1 NDNH (0 or 1) 2, 1 2.44
Oasis Valley Speckled Dace Rhinichthys osculus spp. G5T1S1 NDNH (0 or 1) 2, 1 2.11
Lahontan Redside Richardsonius egregius G5SNR SDM (0–1) 1, 1 1.56
Big Smoky Valley Tui Chub Siphateles bicolor ssp. 8 G4T1S1 NDNH (0 or 1) 2, 1 2.33
Charnock Springs Tui Chub Siphateles bicolor ssp. 10 G4T1QS1 NDNH (0 or 1) 2, 1 2.33
Dixie Valley Tui Chub Siphateles bicolor ssp. 9 G4T1QS1 NDNH (0 or 1) 2, 1 2.33
Duckwater Creek Tui Chub Siphateles bicolor ssp. 3 G4T1S1 NDNH (0 or 1) 2, 1 2.33
Fish Creek Springs Tui Chub Siphateles bicolor euchila G4T1QS1 NDNH (0 or 1) 2, 1 2.33
Fish Lake Valley Tui Chub Siphateles bicolor ssp. 4 G4T1QS1 NDNH (0 or 1) 2, 1 2.44
High Rock Spring Tui Chub Siphateles bicolor ssp. 11 G4TXSX NDNH (0 or 1) 2, 1 2.22
Hot Creek Valley Tui Chub Siphateles bicolor ssp. 5 G4T1QS1 NDNH (0 or 1) 2, 1 2.33
Independence Valley Tui Chub Siphateles bicolor isolata G4T1QS1 NDNH (0 or 1) 2, 1 2.33
Lahontan Creek Tui Chub Siphateles bicolor obesa G4T4S4 NDNH (0 or 1) 2, 1 1.44
Little Fish Lake Valley Tui Chub Siphateles bicolor ssp. 6 G4T1S1 NDNH (0 or 1) 2, 1 2.33
Newark Valley Tui Chub Siphateles bicolor newarkensis G1T1S1 NDNH (0 or 1) 2, 1 2.11
Railroad Valley Tui Chub Siphateles bicolor ssp. 7 G4T1QS1 NDNH (0 or 1) 2, 1 2.00
Railroad Valley Springfish Crenichthys nevadae G2S2 NDNH (0 or 1) 1, 1 1.89
Ash Meadows Poolfish Empetrichthys merriami GXSX NDNH (0 or 1) 1, 1 2.11
Pahrump Poolfish Empetrichthys latos latos G1T1S1 NDNH (0 or 1) 1, 1 2.11
Big Spring Spinedace Lepidomeda bicolor pratensis G2T1S1 NDNH (0 or 1) 2, 2 1.89
Paiute Sculpin Cottus beldingii G5SNR SDM (0–1) 2, 2 1.33
* Shorthead Sculpin Cottus confusus G5S1 NDNH (0 or 1) 1.33 *
Meadow Valley Wash Desert
Sucker Catostomus clarkii spp. 2 G3G4T2S2 NDNH (0 or 1) 2, 2 2.22

Mountain Sucker Catostomus platyrhynchus G5SNR SDM (0–1) 2, 2 0.89
Tahoe Sucker Catostomus tahoensis G5S5 SDM (0–1) 2, 2 1.89
Wall Canyon Sucker Catostomus sp. G1S1 NDNH (0 or 1) 2, 2 2.67
Cui-ui Chasmistes cujus G1S1 NDNH (0 or 1) 2, 2 1.56
Mountain Whitefish Prosopium williamsoni G5S3 SDM (0–1) 4, 4 1.44

Lahontan Cutthroat Trout Oncorhynchus clarkii
henshawi G4T3S3 Rangewide DB (2.25) *

Western Lahontan UIEU Resident #/km 3, 3 0.250
Adfluvial #/km 5, 5 0.250

NW Lahontan UIEU Resident #/km 3, 3 0.250
Adfluvial #/km 5, 5 0.250

Eastern Lahontan UIEU Resident #/km 3, 3 0.167
Fluvial #/km 4, 4 0.167

Adfluvial #/km 5, 5 0.167
Coyote Lakes UIEU Resident #/km 3, 3 0.500
Historical Streams SDM (0–1) 3, 3 0.125
Lakes Presence = 1 4, 3 0.125
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2.6. Distribution Discounting

Robust assessment outputs account for the uncertainty associated with inputs [49].
We used distribution discounting to down weight species data in the watersheds with
a high risk of aquatic habitat degradation using the habitat condition index (HCI) de-
veloped for the 2015 National Fish Habitat Partnership (NFHP) National Assessment of
Fish Habitat [50,51]. The HCI describes the risk of stream habitat degradation for each
catchment associated with a ~1 km stream segment using a cumulative index that ranges
from 1 (very high risk of habitat degradation) to 5 (very low risk) (Figure 3). Whelan [52]
describes the conceptual foundation for the NFHP assessment.
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Species inputs were discounted using the HCI and distribution discounting in CAZ.
Distribution discounting reduces species input values based on uncertainty, where α is
the degree of uncertainty. When α = 0.0, then there is no uncertainty, and when α = 0.5,
then the uncertainty is one half of the nominal estimate of the uncertainty model (e.g., SE
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of the predicted value) [29]. Habitat condition index (HCI) scores were computed for the
catchments associated with each medium-resolution NHD stream segment (~1 km), and
the scores were used as a measure of uncertainty. The HCI scores reflect risk of degradation
as: 1 = very high, 2 = high, 3 = moderate, 4 = low, and 5 = very low (Figure 3). Since habitats
with a low risk of degradation were scored highest (very low risk = 5), HCI scores were
rescaled from 0 (low risk) to 1 (high risk) as a measure of species distribution uncertainty
so that high-risk areas represented the highest uncertainty (UC): UC = (5 − HCI)/(4 − 1).
Then, α was set to 0.5, and so species input data were discounted by species valuediscounted
= species value − α× UC. Thus, if a stream segment had an occurrence probability of 0.5 for
a species, and the HCI was 3 (moderate risk of degradation; UC = (5 − 3)/(4 − 1) = 0.67),
then the species input (discounted occurrence probability = Pocc_discounted) for that stream
segment was Pocc_discounted = Pocc − α × UC = 0.5 − 0.67 × 0.5 = 0.165; that is, the species
input was reduced from a probability of 0.5 to 0.165. The HCI for a stream segment was
used to discount all species inputs in the same way for that segment.

2.7. Aquatic Connectivity

Directed aquatic connectivity was used in CAZ to account for the connectivity of
dendritic stream networks [21]. Connectivity was accounted for through a proportional
loss function. The assessed value of a planning unit (δi; subwatershed) was penalized
based on the proportion of planning units upstream or downstream of the focal planning
unit that had already been removed during prior iterations of the planning unit removal
process (Figure 4). The WBD tabular data specify which subwatersheds are upstream
and downstream of focal subwatersheds. Different loss curves were used for different
species depending on their connectivity needs (Table 1). For example, connectivity was
unimportant to the Devils Hole pupfish that resides in a single water-filled cavern in Death
Valley National Park (Curve 1 in Figure 4 for both upstream and downstream connectivity;
Table 1), but very important to adfluvial populations of cutthroat trout that migrate between
lakes and streams to meet life history requirements (Curve 5 in Figure 4 for both upstream
and downstream connectivity; Table 1). Penalties for upstream connectivity were sometimes
slightly stronger than downstream to account for the fact that many fishes move upstream
to spawn (Table 1) [53]. However, connectivity was intentionally interrupted at large dams
(>6168 hectare-meters, or >50,000 acre-feet), according to the National Inventory of Dams
database [54]; smaller dams or other barriers were not used to break connectivity, because
they are more capable of being managed for fish passage [46].
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of the focal subwatershed, that are removed during prior iterations of the removal process. Each
species is assigned a connectivity curve to specify the importance of both upstream and downstream
connectivity (Table 1).
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3. Results

The rankings of 2042 subwatersheds (12-digit hydrologic unit code) in the Lahontan
and central Nevada basins (including the Coyote Lake and Susan River basins) using
core-area zonation highlighted several regions of high conservation value for native fishes
(Figure 5). The rankings were based on 40 native fish species and subspecies—as well
as the life history diversity, genetic diversity, abundance, and historical distribution of
Lahontan cutthroat trout. The six random forest models for common, widespread non-
game species fit well (AUC ≥ 0.99; out-of-bag error ≤ 3.9%), and the generalized linear
model used to provide resolution to the Lahontan cutthroat trout’s historical range also fit
well (AUC = 0.80).
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First, much of the western Lahontan basin that heads in the Sierra Nevada mountains
ranked high, including the Walker River basin (Figure 5). Also ranking high was the Truckee
River basin from its headwaters, including Lake Tahoe, down to Pyramid Lake—a terminal
lake. This highlights the importance of the western basin to Lahontan cutthroat trout life
history and genetic diversity, the presence of endemics such as cui-ui, Chasmistes cujus,
in Pyramid Lake, the connectivity needs of species such as Lahontan cutthroat trout and
mountain whitefish, and habitat for other widely distributed non-game species, such as the
Lahontan redside Richardsonius egregius, Tahoe sucker Catostomus tahoensis, and mountain
sucker. Second, many of the small valleys throughout central Nevada that coincide with
remnants of Pleistocene lakes contain endemic subspecies or forms of speckled dace,
Rhinichthys osculus, and tui chub, Siphateles bicolor. Examples include: Newark Valley,
Railroad Valley, Fish Lake Valley, Oasis Valley, Independence Valley, and Dixie Valley
(Figures 1 and 5). Other subwatersheds also ranked high, such as the Soldier Meadows
region that is a habitat to the desert dace Eremichthys acros. Third, Ash Meadows National
Wildlife Refuge is home to several endemic species, and Devils Hole, the only habitat
occupied by the Devils Hole pupfish Cyprinodon diabolis, are in the same subwatershed.
Fourth, Lahontan cutthroat trout in Willow and Whitehorse Creeks in the Coyote Lake basin
represent a uniquely identifiable ecological unit [27], the Susan River basin historically had
Lahontan cutthroat trout and has populations of other native fishes, and Summit Lake,
Independence Lake, and Pyramid Lake have Lahontan cutthroat trout populations with an
adfluvial life history. The high ranks of subwatersheds reflect these unique attributes, but
also reflect habitats for non-game species predicted by the species distribution models. Last,
other subwatersheds in the eastern Lahontan basin that are tributaries to the Humboldt
River (by the Interstate 80 corridor) ranked 0.7 and higher, indicating that habitats may
exist across the eastern Lahontan/Humboldt basin for a diverse suite of common but
widespread native fishes (Figure 5).

4. Discussion

The Great Basin is a unique geographic region consisting of numerous mountain
ranges separated by contemporarily disconnected hydrographic basins that contain unique
aspects of ichthyofaunal diversity [25]. Our spatial conservation assessment is the first to
provide a landscape-scale ranking of watersheds in the Lahontan and central Nevada basins
based on species, subspecies, and some aspects of within-species ecological diversity. The
high-ranking watersheds together complement each other to maximize the representation
of this diversity while accounting for risk of habitat degradation. Additionally, the rankings
account for the dendritic and connected nature of aquatic systems, rather than being
constrained by state, county, or other administrative boundaries. In general, our assessment
highlights high-value watersheds for native fishes, where conservation investments in the
high-ranking subwatersheds will help ensure the persistence of native fish diversity in these
basins into the future. This landscape perspective compliments the traditional conservation
focus on individual small patches of habitat occupied by a single imperiled fish species [3].

The landscape rankings were applied at the spatial resolution of 12-digit hydrologic
unit code (HUC12) subwatersheds that encompass ~12,000 ha, even though many native
fishes in southern Nevada do, in fact, live in small patches of habitat [25,55]. While this may
initially appear to be a scale mismatch, ranking the subwatersheds that encompass these
small patches of critical habitat does have utility. As one example, groundwater withdrawal
from an aquifer can impact water levels or streamflows in a critical habitat occupied
by a species of conservation concern elsewhere in the watershed [56,57]. Watersheds
can also route sediment, contaminants, and nutrients from upstream anthropogenic use,
even in intermittent streams, into these critical habitats [58]. Habitats near developed
areas, especially in our sparsely populated study region, are also at higher risk of future
development. This spatial dependency is often reflected in build-out scenarios [59], but
is not captured in the habitat condition index we used to discount species data. Using a
watershed planning unit reduces the need to account for spatial processes in defining risk
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of habitat degradation, because the entire planning unit is given the same conservation
value. Hence, a watershed approach to landscape rankings for native fishes is important
for reflecting the interconnected and dendritic nature of aquatic systems, as terrestrial and
aquatic impacts elsewhere in the watershed can negatively impact small patches of aquatic
habitat [56,57]. Species occupying a single habitat, characteristic of several species in our
analysis, are susceptible to the threat of a single catastrophic event, such as the introduction
of non-native species or habitat degradation, thus highlighting the local protection needs
but also consideration of threats within the broader watershed [11,60].

The Lahontan and central Nevada basins assessment will be used by the Desert Fish
Habitat Partnership for decision making, but it also has broader applications. It will be
used as part of DFHP’s granting program to assess whether projects proposed to them
for funding occur in important watersheds for native fishes, and this assessment fills an
important assessment gap in DFHP’s geography for this purpose [23]. To facilitate its use,
the assessment has already been built into a webmap that allows DFHP to easily extract
the conservation ranking of any watershed for grant making, conservation planning, or
other purposes. The webmap also serves as an education tool for the general public, as it
is available on the DFHP website (www.desertfhp.org/multispecies-aquatic-assessments,
accessed on 15 January 2023).

The rankings are also available for use by natural resource agencies to inform habitat
and species protection and restoration efforts. For example, they can be used to determine
whether development is proposed in high-priority watersheds for native fishes. Urban
and exurban development can increase water demand [56] and alter stream ecology in
ways injurious to aquatic organisms, including native fishes [61]. Nevada has a rich mining
history, and contemporary proposals for new mines or mine expansion could be weighed
against the importance of watersheds for regional native fish diversity [62]. High-priority
watersheds could also be the focus of agricultural best management practices, including
livestock grazing enclosures or grazing management changes, to benefit aquatic ecosystem
health [63–67]. High-ranking watersheds could be the focus of proactive management or
land acquisition to preserve sensitive populations of native fishes, as exemplified by those
species already residing within the USA National Wildlife Refuge System.

The Lahontan cutthroat trout is listed as threatened under the USA Endangered Species
Act, and given that more is typically known about native trout than native non-game
species, it could be used to jumpstart broader conservation planning for native fishes [68].
For example, Lahontan cutthroat trout restoration is happening in the headwaters of the
Truckee River [69], and efforts to restore that species and its habitat in the watershed
could benefit downstream species, such as the cui-ui that resides only in Pyramid Lake—
the Truckee River terminus [42]. Conservation action focused on Lahontan cutthroat
trout and cui-ui at the watershed scale could benefit other species that are not the focus of
conservation, such as the mountain sucker, Tahoe sucker, and other more widely distributed
native fishes.

Naturally, then, the landscape rankings in the Lahontan and central Nevada basins
could be used to identify NFCAs [16,70]. While some native fishes in our analysis domain
reside in one or a few small habitats, some that are currently protected (Devils Hole),
other watersheds contain a diverse suite of native fishes. For example, the ESA-listed
and designated sportfish Lahontan cutthroat trout could serve to anchor one or more
NFCAs to identify watershed-scale connectivity and restoration needs that would extend
populations downstream, facilitate migratory life histories, and potentially increase access
to thermal refugia and increase population productivity [71]. As previously mentioned,
spatial conservation prioritization has been used to identify a network of NFCAs in the
state of Texas. The Texas NFCA Network has been used to synergize aquatic conservation
planning and achieve conservation outcomes for the benefit of aquatic habitats and native
fishes at watershed scales [17,18].

Our landscape assessment used the spatial analysis of quantitative data to identify a
set of high-value watersheds in which conservation investments could benefit native fish

www.desertfhp.org/multispecies-aquatic-assessments
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diversity in the Lahontan and central Nevada basins and, generally, in the state of Nevada.
Several endemic species in our analysis have been the focus of conservation efforts for
over a half century [57], including land acquisitions for formal protection as national parks
or national wildlife refuges. Our spatial conservation assessment highlights how these
known conservation priorities compliment other watersheds to encapsulate native fish
diversity at a landscape scale [72]. This includes highlighting how various watersheds that
are harboring widely distributed species, such as those listed in the Endangered Species
Act or not, have value (or not) within the regional context of native fish diversity. Such a
comprehensive assessment can be used to understand the value of watersheds to regional
biodiversity. Thus, it could drive conservation planning and strategic action to best ensure
the broader suite of native fish diversity, including subspecies and unique ecological units
within species, persists on the landscape into the future.
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