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Abstract—Aquatic biodiversity is threatened by anthropogenic activities
operating across jurisdictional and conservation area boundaries. Strategic con-
servation planning for broad, multispecies and multijurisdictional landscapes
benefits from data-driven approaches emphasizing persistence of priority spe-
cies while accounting for human uses and stakeholder priorities. This study
presents such an assessment for conservation of priority fishes of the U.S. Great
Plains. Distribution models for 28 priority fishes were incorporated into a pri-
oritization framework using the open-source software Zonation. A series of as-
sessments were produced, including (1) identification of distinct conservation
areas based on connectivity and compositional similarity of priority streams, (2)
perspectives for fish habitat condition prioritized towards undisturbed habitat
(indicating protection potential) and disturbed habitat (indicating restoration
potential), (3) ranking species conservation values at local (state) and global
scales, and (4) development of “bang-for-buck” perspectives emphasizing rich-
ness of species at state, basin, and study region scales. Assessment highlights
include prioritizations primarily among unfragmented main-stem reaches,
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considerable state-boundary-based edge effects for rankings when using state-
based conservation values, and identification of eight distinct regions contain-
ing natural communities of priority taxa. Further, we integrate an assessment
product into a tiered framework for conservation implementation that facilitates
coordination among stakeholders across jurisdictions and increases efficiency of
conservation efforts. This set of analyses thus provides varying perspectives to

Introduction

Aquatic biodiversity is threatened globally
by human appropriation of freshwater re-
sources at scales and rates that ecosystems
cannot sustain (Dudgeon et al. 2006). Con-
sequently, freshwater resource conserva-
tion is required to maintain both human
and freshwater organism populations (Vo-
rosmarty et al. 2010). These conservation
actions must occur at scales relevant for
species persistence and survival, an opera-
tionally challenging caveat given the cur-
rent and projected limited availability of
resources allocated to conservation activi-
ties (Strayer and Dudgeon 2010). In fact, re-
sources are generally too limited to protect
all freshwater ecosystem services in the face
of increasing pressures from population
growth and changing climates (Dodds et al.
2013), and there is growing recognition that
no project-, species-, or geographic-based
conservation focus fully accounts for the in-
nate complexities associated with tradeoffs
between ecosystem health and social and
economic development (Martinuzzi et al.
2014).

Shifting demands on global landscapes
related to both human population growth
and resource allocation are driving new ap-
proaches to aquatic conservation prioritiza-
tion frameworks. An earlier “fortress” ap-
proach to species protection (e.g., nature
preserves, marine reserves) has transitioned
into broader, more integrated planning ap-
proaches that seek efficiencies in managing
both species protection and human uses
(Williams et al. 2011; Palomo et al. 2014).
This shift is driven primarily by three ma-
jor themes. First, the need for monetary ef-
ficiencies is magnified because of the stark

contrast between the amount of conserva-
tion work needed and the limited funding
allotted to solving environmental problems
(Groves et al. 2002; Balmford and Whitten
2003). Second, research indicates that pro-
active and systematic approaches to conser-
vation are more effective than reactionary or
ad hoc approaches, and a general forward-
looking approach to conservation is neces-
sary (Margules and Pressey 2000). Finally,
conservation frameworks must be built with
an understanding of the biological process-
es that underpin biodiversity at broad scales
(Pressey et al. 2007). Thus, conservation
constituents across the globe seek to develop
economically strategic conservation plans
anchored by proactive management and
cast in the light of human ecosystem needs
and interactions. Internationally, more than
190 countries are committed to implement-
ing conservation planning to reduce biologi-
cal loss (Balmford et al. 2005), and the Inter-
governmental Platform on Biodiversity and
Ecosystem Services was recently established
to facilitate conservation of biodiversity and
sustainable development (Diaz et al. 2015).
In the United States, every state and terri-
tory has a State Wildlife Action Plan (SWAP)
to guide protection of its unique and at-risk
natural resources. These plans are intended
to provide a funding roadmap for research,
management, restoration, and recovery
projects for priority species and important
habitats. However, as with most globally
available conservation plans, adaptive man-
agement and implementation strategies re-
main largely elusive within SWAPs and the
critical initial step related to mapping areas
of importance is largely ignored (Fontaine
2011). Furthermore, biogeographic boundar-
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ies rarely align with geopolitical boundaries
and conservation initiatives developed with-
in states might not identify areas of impor-
tance that exist across state boundaries (e.g.,
Pracheil et al. 2012).

Mapping areas of importance is opera-
tionally challenging given the sliding scale
of importance across diverse sets of stake-
holders. Consequently, the initial mapping
stage (conservation assessment) acts as a bot-
tleneck for the remaining conceptual stages
(planning, management, and review of prog-
ress) necessary for proactive conservation of
broad, multispecies landscapes (Knight et al.
2006). In an effort to overcome such bottle-
necks, systematic conservation assessments
consisting of technical, computer-based
evaluation of priority elements, gap analy-
sis, and area design are typically generated
to inform and anchor conservation planning
and implementation frameworks. Research
suggests that successful assessments address
three primary objectives: species represen-
tation, species resiliency, and the ability to
implement sustainable management while
accounting for human development (Mar-
gules and Pressey 2000; Knight et al. 2006;
Williams et al. 2011). The vast majority of con-
servation assessment research has focused
on the first objective of developing plans and
algorithms to assess, characterize, and pri-
oritize patterns of biodiversity (Pressey et al.
2007). Assessments that attempt to account
for species-specific life history needs and that
present the results in a perspective that man-
agers can implement are rare (Knight et al.
2008). Further, efficient broadscale conser-
vation planning and delivery for imperiled
species are often confounded by differential
jurisdictional management practices and
priorities (Soberon and Sarukhan 2009). In
a sense, the delineation of areas of impor-
tance depend entirely on the viewpoint of a
stakeholder(s) or who is asking the question
“which areas are important?” (Halpern and
Warner 2003). Assessments must address
these differences and provide managers per-

spectives that allow efficiencies in allocating
conservation funding and actions within
and across jurisdictional units (Hunter
and Hutchinson 1994; Vane-Wright 1996;
Moilanen and Arponen 20m).

Multiple perspectives can guide delin-
eation of areas of importance. Priority ar-
eas might be identified through analysis of
spatial patterns in habitat connectivity (e.g.,
Moilanen et al. 2008), species richness or
taxonomic groups (e.g., Stewart et al. 2018),
in intact habitats (e.g., Thornbrugh et al.
2018), or along political boundaries (e.g.,
Moilanen et al. 2013). For freshwater ecosys-
tems in particular, native fish conservation
areas (NFCAs; Williams et al. 2011) represent
an alternative and innovative conservation
perspective that complements tradition-
al, reactive approaches to management of
aquatic resources. The NFCAs approach is
defined as designating areas that adequately
support maintenance of processes that cre-
ate habitat complexity, protection of all life
stages, long-term persistence of priority spe-
cies, and a framework for sustainable man-
agement over time (Williams et al. 20m).
For example, Dauwalter et al. (201) com-
pleted an NFCA conservation assessment
that identified networks of watersheds large
enough to manage for both aquatic species
population persistence and compatible hu-
man uses in selected watersheds of western
North America. Such approaches might be
applied to other regions where protection
of native fishes and human development
are colliding (Limburg et al. 20m). In such
regions, preservation of ecosystem goods
and services that support both native biodi-
versity and human populations will become
increasingly necessary as water security is
altered by human extraction and climate
change (Vorosmarty et al. 2010). However,
methodologies for the establishment of
NFCAs require further development, and
to our knowledge, there are no quantita-
tive comparisons for priority areas selected
using NFCAs versus conservation perspec-
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tives involving surrogate taxa, habitat tem-
plates, or political units. These competing
prioritizations might now be quantitatively
compared with the NFCA perspective using
sophisticated statistical frameworks (e.g.,
Zonation; Lehtomaki and Moilanen 2013)
to assess consistencies and inconsistences
in spatial priorities (Grantham et al. 2010).
Of particular importance is the application
of multiple conservation planning perspec-
tives in regions where large numbers of im-
periled species inhabit changing landscapes
that span multiple jurisdictional boundaries
(Kark et al. 2015).

The Great Plains of North America exem-
plifies a region where NFCAs are needed to
ensure the long-term persistence of fishesand
water. Agricultural water withdrawals from
the High Plains aquifer over the past 60 years
have outpaced recharge resulting in depletion
of massive portions of the aquifer (Steward
et al. 2013; Perkin et al. 2017). These changes
in water availability are confounded by mis-
management of surface flows through reten-
tion and diversion, at times leading to 9o%
reductions in flow magnitude downstream of
impoundments (Costigan and Daniels 2012).
As a result, the majority of fishes endemic to
the Great Plains are in need of conservation
(Hoagstrom et al. 20m11) and are recognized
in various categories of imperilment at state,
regional, and national levels (Haslouer et al.
2005; Jelks et al. 2008). Causes for fish species
declines include habitat fragmentation, de-
watering, flow regime alteration, water pol-
lution, and introduction of nonnative species
(Gidoetal. 2010; Hoagstrom et al. 2011). These
factors act in concert to transform fish com-
munities throughout the region and increase
the urgency to implement coordinated, mul-
tijurisdictional conservation interventions to
ensure long-term persistence of native fishes
(Perkin et al. 2015b).

Here, we present a workflow, sequence
of assessments, and planning tools aimed at
providing natural resource managers with a
spatial perspective for allocation of conser-

vation actions to help assure persistence of
native freshwater fishes of the Great Plains.
We utilized species distribution models of
28 priority fishes and a spatial prioritiza-
tion framework to compare spatial con-
servation value assignments derived from
multiple conservation perspectives. The set
of resulting assessments are designed to
capture ecological characteristics of prior-
ity fishes while accounting for individual
species conservation status rankings, con-
nectivity requirements, effects of fragmen-
tation and metapopulation size, habitat
condition, and differences between regional
and broader jurisdictional spatial manage-
ment priorities. Additionally, we identified
distinct high-priority areas based on dis-
tance and compositional similarity of com-
munities, forming a starting point for the
delineation of NFCAs for the Great Plains.
Finally, we validated our NFCA designations
by comparing them to two recent conserva-
tion area identification studies (Hoagstrom
et al. 2o011; Perkin et al. 2015a) and integrated
part of the NFCA product into an example
framework for implementation of partner-
ship- and stakeholder-led conservation of
aquatic resources through regionally based
fish habitat partnerships. The three-tier spa-
tial framework (sensu Abell et al. 2007) we
used identified broadscale watershed-based
management regions, mid-level-scale prior-
ity areas consisting of NFCAs, and fine-scale
identification of critical management areas
for a suite of priority species in the southern
Great Plains. This example-tiered frame-
work provides stakeholders with a spatial
roadmap and communication tool for cou-
pling science needs and management rec-
ommendations to priority areas at relevant
scales (Fausch et al. 2002).

Methods
Study area

The Great Plains of central North America
extend from the Rocky Mountains eastward
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to the gsth meridian and from Alberta,
Canada south to the Rio Grande. Major river
basins include Missouri-White, Platte, Re-
publican-Kansas, Arkansas-Cimarron, Ca-
nadian, Red, and Brazos-Colorado (Figure
1) that drain from west to east across Mon-
tana, Wyoming, North Dakota, South Da-
kota, Nebraska, Colorado, Kansas, Oklaho-
ma, New Mexico, and Texas. The interstate
nature of basin architectures in the region
results in multiple jurisdictional boundaries
along water courses. The Great Plains Land-
scape Conservation Cooperative (GPLCC;

www.greatplainslcc.org) was created to co-
ordinate transjurisdictional resource man-
agement. The extent chosen for this study
was the intersection of the GPLCC’s extent
with U.S. Geological Survey (USGS) Hydro-
logic Unit Code 4 (HUC4) boundaries modi-
fied to exclude areas far downstream of the
GPLCC (Figure 1).

Species data

Species occurrence records were obtained
from museum specimen-vouchered occur-
rences and published data. Museum speci-

Great Plains LCC

|:| Major river basins
Study Area

US states

0 100 200 400 Km
| 1 ] 1 J

A

Figure 1. Map of Great Plains Landscape Conservation Cooperative (LCC) extent and study
area extent used for analyses. Major river basins indicated and included in the study area
include (a) Missouri-White, (b) Platte, (c) Republican—Kansas, (d) Arkansas-Cimarron, (e)

Canadian, (f) Red, and (g) Brazos—Colorado.
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men-vouchered data sources included two
studies (Hendrickson et al. 2010; Cohen et
al. 2013) that reviewed and inventoried ex-
isting aquatic resource occurrence data from
the Global Biodiversity Information Facility
(www.gbif.org). Additional museum speci-
men-voucher records for the entire state of
Oklahoma based on collections made by
Parham (2009) were obtained from the Sam
Noble Oklahoma Museum of Natural His-
tory, and data were extracted from the glob-
al occurrence database Fishnet2 (http://
fishnet2.net). Published data sources in-
cluded records from the Kansas Aquatic
Gap Program, as recently described by Gido
et al. (2010), and recent (1993-2013) fish col-
lections made throughout the Great Plains,
as described by Perkin et al. (2015b).

These data sets together represent an at-
tempt to use a broad source of primary fish
occurrence data, both contemporary and
historical. These types of broad, occurrence-
based data sets provide a conservative foun-
dation for identifying sets of conservation
areas for current and future conservation
efforts.

Species distribution models

We used species distribution models (SDMs)
to convert point occurrence data into range-
wide continuous probability coverages
(Guisan et al. 2013). Fish species were chosen
on the basis of their state and federal con-
servation rankings and the authors’ expert
opinion (Table 1). Environmental variables
used in SDM construction (Table 2) were se-
lected in part based on expert evaluation of
models created from subsets of variables for
a set of species with well-known distributions
(see Labay et al. 20m). Selection of function-
ally relevant environmental predictors is a
critical step in species distribution modeling
that is ecologically meaningful. The expert
opinion-based method to select the set of en-
vironmental covariates added an additional
model parameterization check in addition to
standard statistical validation methods. Cli-

matic, hydrologic, and topographic variables
were used to account for broadscale physi-
ological constraints as determinants of dis-
tribution (Graham and Hijmans 2006), and
two hydrology-based geographic variables
controlled for historical zoogeography by cat-
egorically constraining predictions of species
occurrences to watersheds from which they
are documented. Hydrologic variables from
the National Hydrology Dataset Plus (NHD-
Plus Version 1, www.horizon-systems.com/
nhdplus/) were converted to 30-arc-second
grids using the NHDPlus catchment unit.
The spatial extent used for SDM construc-
tion was species-specific (Anderson and Raza
2010) and determined by the intersection of
input species occurrence data with major wa-
tersheds (USGS HUC4). The species-specific
extents were divided into a grid of 30-arc-
second cells (1 km? at equator). The raw en-
vironmental grid data were used for model-
ing, as opposed to a stream-segment based
framework, to retain maximum spatial and
data resolution.

Species distribution models were con-
structed using the maximum entropy algo-
rithm encoded in the Maxent software pack-
age (version 3.3.4; Phillips et al. 2006). This
framework is known to be robust for species
distribution modeling with presence-only
records (Elith et al. 2006, 2011) and was re-
cently shown to be nearly mathematically
equivalent to a Poisson regression model
(Renner and Warton 2013). We implement-
ed Maxent following default parameteriza-
tion recommendations (Phillips and Dudik
2008; Elith et al. 2011) using auto features
and 10,000 background points sampled ran-
domly with models cross-validated with 10
replicates to estimate errors around fitted
functions. Individual species model perfor-
mance was evaluated using a receiver operat-
ing characteristic (ROC) analysis. The ROC
analysis characterizes model performance at
all possible thresholds using the area under
the curve (AUC). An optimal model with
perfect discrimination would have an AUC
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of 1.0 while a model that predicted species
occurrences at random would have an AUC
of 0.5 (Hanley and McNeil 1982). We recog-
nize that validation using the AUC statistic
has been criticized as misleading as it tends
to overestimate model quality, may show
spurious high performance with small sam-
ple sizes, and may reward overparameteriza-
tion (Lobo et al. 2008). However, we use AUC
(albeit conservatively via a high threshold of
acceptability) for its commonality and lack
of viable alternative measures and because
our intended use of these models was in
the context of coarse-scale identification of
prime suitable habitat. Species models were
considered reliable and included in priori-
tization analyses if they had an average test
AUC over 10 replicates >0.9. Information
from rangewide SDMs was restricted to the
study area extent for assessment analyses,
and all spatial data analyses were conducted
ata 3o-arc-second (1 km? at the equator) grid
resolution.

Conservation assessment software

We used the planning software Zonation
(Moilanen et al. 2005), which includes many
feature options designed to allow sophisti-
cated prioritizations to be performed while
accounting for a wide range of parameters.
The primary function of the software is to
produce a landscape ranking based on con-
servation value defined by spatially explicit
levels of species, habitat, or ecosystem occur-
rence. It does this in our case by initially con-
sidering the entire landscape being analyzed
and iteratively removing spatial grid cells
that result in the smallest loss of conserva-
tion value as defined by SDM estimation of
relative probability of occurrence. Zonation
allows alternative cell removal rules that em-
phasize different types of conservation val-
ues. The two removal rules used in this study
include one that emphasizes species rarity
(core-area zonation [CAZ]; Moilanen et al.
2005) and another that emphasizes species
richness (additive-benefit zonation [ABZ];

Moilanen 2007). Most analyses performed
for this study use the CAZ approach, which
aims to identify core priority landscapes for
each species regardless of overall species
richness. In other words, the CAZ approach
can potentially consider two streams equally
important, even if one contains substantial-
ly more priority species. The intent with the
CAZ approach is to identify the set of core
areas most relevant for conservation of all
priority species. The ABZ approach is used
in our final set of assessment analyses that
consider differing spatial results from pri-
oritization on the basis of species richness at
multiple scales.

Assessment analyses

We produced a series of five analyses to pro-
vide differing conservation area perspec-
tives utilizing various Zonation features to
“direct” the cell removal process (Figure 2).
These five analyses focused on prioritizing
areas with (1) intact connectivity where im-
periled species persist (primary prioritiza-
tion), (2) shared occurrences of imperiled
species where resources might be focused
to promote conservation of native fish as-
semblages and the habitats they require
(NFCA prioritization), (3) least-disturbed
habitats (fish habitat quality prioritization),
(4) shared political boundaries where juris-
dictional lines are frequently drawn (global
versus administrative boundary unit pri-
oritization), and (5) high species richness
where conservation efforts might be applied
to maximize taxonomic benefits (species
richness prioritization).

Primary prioritization (CAZ + S + C).—
Our primary prioritization utilized the core
area removal process (CAZ) and incorpo-
rated species-specific weighting (S) and
connectivity constraints (C). Species global
or subnational (i.e., U.S. state) conservation
status ranks set by NatureServe (Faber-Lan-
gendoen et al. 2009; Table 3) were used as
species-specific weights in the Zonation pri-
oritization algorithm (Moilanen et al. 2005).
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Figure 2. Schematic of the analysis sequence with indication of the sections in methods
where each analysis is discussed (left) and the figures that display resultant spatial products
(right). CAZ (core-area zonation) and ABZ (additive-benefit zonation) indicate the two remov-
al rules used in this study that emphasizes either species rarity (CAZ, Moilanen et al. 2005) or
species richness (ABZ, Moilanen 2007). NFCA = native fish conservation areas.

Species with elevated NatureServe imperil-
ment rankings (e.g., G1 critically imperiled
versus G5 demonstrably secure) thus had
elevated weights in Zonation, resulting in

higher priority for protection of their occur-
rences (Table 4).

We incorporated habitat connectivity
into our analyses via two methods. The first,
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Table 3. For each species included in the assessment, NatureServe rank for each state in the
study area and globally (Faber-Langendoen et al. 2009). See Table 4 for status code definitions.

Species SD WY NE CO KS OK NM TX Global
Shortnose Gar S4 Ss S4  S4 S3 Gs
Southern Redbelly Dace S1 St S22 S5 S1 Gs
Western Silvery Minnow S5 Sz S5 S2 G4
Brassy Minnow S5 S5 S4 S3 S1 Gs
Plains Minnow Ss S3 S4 SH Sz Ss S3 S4 G4
Cardinal Shiner S3  S4 Gyq
Common Shiner S5 S3 S2 S2 S4  S4 Gs
Prairie Chub S4  SNR G3
Sturgeon Chub S2 S1 S1 S1 G3
Shoal Chub S4 S4 Ss SNR Gs
Peppered Chub SX  S1 S4 S1 S1 G1
Hornyhead Chub S3 St SH SX 1 Gs
Emerald Shiner S5 S4 S5 Ss S4 Gs
River Shiner S2 S4 S3 S3 S3 Gs
Smalleye Shiner S2 G2
Arkansas River Shiner S1 S1 S1 S2 G2
Sharpnose Shiner S3 G3
Chub Shiner S4 S4 G4
Topeka Shiner S2 S1 S2 G3
Suckermouth Minnow SH Sz S4 S2  Ss S4 Sa S4 Gs
Slim Minnow S4 S3 G4
Flathead Chub Ss  Ss Ss S3 S S1 S4 S2 Gs
Slim Minnow S3 S1 S3 S3 S1 S3 G3
River Redhorse S1 S1 G4
Neosho Madtom S2 S1 G2
Northern Plains Killifish S5 S4 S5 S3 SNR SNR SNR Gs
Plains Topminnow S3  S3 S3 S4 S S1 G4
Arkansas Darter S22 S2 S2 G3

boundary length penalty (BLP; Moilanen
and Wintle 2007) is a generalized induc-
tion of priority area aggregation based on
the structure characteristics (perimeter) of
the priority network that produces more
compact and less-fragmented solutions.
The hierarchy of cell removal is influenced
not only by species occurrence probability,
but also by the increase/decrease of bound-
ary length that results from cell removal.
In our case, this method promotes cluster-
ing of priority areas into more continuous
segments as opposed to highly fragmented
priority reaches along a stream. The second
method, boundary quality penalty (BQP;

Moilanen and Wintle 2007), is species-spe-
cific and accounts for many ecological char-
acteristics of both rivers and species. It is a
quantitative way to induce aggregation that
accounts for species responses to fragmen-
tation, edge effects, metapopulation size,
and connectivity. Here, we used BQP to spe-
cifically address species-specific response
to fragmentation and thus indirectly ac-
count for landscape connectivity and habi-
tat loss. The BQP method was implemented
with two expert-defined components, a dis-
tance radius determined by when a species
is affected by increasing fragmentation or
smaller fragment size and a response curve
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Table 4. Weights assigned according to NatureServe rank (Faber-Langendoen et al. 2009).
Global and state weights were assigned to represent relative priority from one level to the

next.

Weight Status code Status
o SX Presumed extirpated
o SH Possibly extirpated
6 S1 Critically imperiled
5 S2 Imperiled
4 S3 Vulnerable
3 S4 Apparently secure
2 S5 Secure
1 SNR Species not recorded (but present)
0 OR Out of range
5 G1 Critically imperiled
4 G2 Imperiled
3 G3 Vulnerable
2 Gy Apparently secure
1 Gs Secure

determined by how a species responds to
fragmentation and habitat loss. The BQP
radius defines the distance (in cell units of
the species distribution model grid) across
which habitat loss or fragmentation affects
a species. For example, a pelagic, broad-
cast-spawning fish with drifting eggs (e.g.,
Sharpnose Shiner N) needs long stretches
of river (Wilde and Urbanczyk 2013) and
thus would have a large radius of fragmen-
tation effect relative to a speleophilic nester
that uses crevices and has adhesive eggs
(e.g., Slim Minnow; Perkin et al. 2015b). Ex-
pert opinion among coauthors (B.J.L., ].S.P.)
anchored in fish reproductive guild ecology
(Simon 1999; Frimpong and Angermeier
2009) was used to determine radii for each
species (Table 1). In absence of life history
characteristics that would inform radius
size selection for a species, a 10-km radius
was used (Hitt and Angermeier 2008, 2011).
The second component, BQP response
curve, defines the relative magnitude of
the effect of fragmentation on each species
(Figure 3). For example, for obligate riverine
species, we assumed a stronger response to
fragmentation and used an extreme penalty

curve (see line 4 in Figure 3). We again used
coauthor judgment (B.J.L., J.S.P.) anchored
in fish reproductive guild ecology to assign
response curves (Table 1; Figure 3).

We formally incorporated connectivity
constraints into Zonation analyses. Hierar-
chical prioritization in Zonation can take
place on species occurrence while account-
ing for landscape condition (here, connec-
tivity) and how species differentially re-
spond to that condition. We used the total
main-stem distance between upstream and/
or downstream dams as a condition layer.
This measure was generated by overlaying
point locations of large dams on the NHD-
Plus Version 1 stream network and calculat-
ing total main-stem availability (river kilo-
meters) based on distances to main-stem
dams (if present) above and below each
stream reach (Cooper et al. 2017). Upstream
main-stem pathways represent the longest
upstream route, whereas downstream main-
stem pathways were defined as the short-
est route to a stream network outlet (e.g.,
ocean). Species in guild grouping B (Table 1)
were assigned to this connectivity condition
factor during select analyses.
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Figure 3. Four species-specific fragmentation penalty curves representing response to frag-
mentation. BDQ = boundary quality penalty. See Table 1 for species-curve designations.

Native fish conservation areas prioritiza-

cluded in the same management unit, and
tion.—Zonation allows for the identification

of distinct species-based geographic units
(here called NFCAs) based on the distance
and compositional similarity between pri-
ority areas. This is done using four user-
specified parameters: (1) percentage of the
landscape to consider for inclusion in the
management units, (2) minimum inclusion
top fraction for each unit (what top fraction
must be present in each separate unit), (3) a
maximum distance between units, and (4) a
maximum difference in compositional simi-
larity between units. To identify NFCAs for
Great Plains streams, we used the “CAZ + S
+ 7 primary prioritization as the starting
point and chose to consider (1) the top 10%
of the landscape ranking, (2) a minimum
inclusion of the top 2% (meaning each unit
had to contain a portion of the top 2% of the
ranking), (3) 25 grid cells (approximately 20
km) for the maximum distance allowed be-
tween spatially discrete patches that are in-

(4) a maximum difference in species compo-
sition so that two units were determined dif-
ferent if 2 species out of 10 (20%) had a 1-log

difference in their probability density (SDM
value) between the two areas.

Fish habitat quality prioritization (CAZ
+ S+ C+ H).—We also used the index of cu-
mulative disturbance of river fish habitats of
the National Fish Habitat Assessment (H),
described in Esselman et al. (2011), to rank
cells across the landscape as having fish hab-
itat that ranged from undisturbed to highly
degraded in relation to occurrence of prior-
ity taxa. Incorporating these two condition
extremes into separate prioritizations allows
for divergent perspectives of stakeholders—
those that value and focus on proactive pro-
tection of intact habitat versus those that
value and focus on restoration of disturbed
habitat. The prioritization analyses labeled
“CAZ + S + C + H” (see Figure 2) represent
two analyses, one in which the fish habitat

69
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disturbance condition was used to prioritize
selection of low levels of disturbance and
another to prioritize areas of high levels of
disturbance in need of restoration.

Global versus administrative unit priori-
tization (CAZ + S + C + A).—We utilized a
relative weighting feature in Zonation, also
used by Moilanen and Arponen (20m), to
provide both an administrative unit priori-
tization perspective (A) for each state and
a broader full study region prioritization.
The first is produced by weighting spe-
cies differentially across states according to
each state’s NatureServe “S” status (Faber-
Langendoen et al. 2009) and the second by
weighting species according to their global
“G” status.

Species richness prioritization.—We
used the additive-benefit cell removal
method (Moilanen 2007) to identify rich-
ness hot spots within basin, state, and study
area geographies. The additive-benefit
function calculates a solution where value is
additive across biodiversity features (species
in this case), and where feature-specific rep-
resentation is converted to value via concave
power functions (Moilanen 2007). Here,
the exponent of the power function was set
to z = 0.25 for all species. The ABZ can be
seen as a “bang-for-buck” type of analysis
that puts value in areas with more species
and downgrades areas that have fewer spe-
cies. The ABZ approach is not typically used
when the analysis features are representing
themselves (species); however, we perform
these analyses to illustrate the difference in
assessment results, and to provide a “bang-
for-buck” perspective, particularly for stake-
holders and practitioners working at the
state level.

Results

Primary prioritization

The primary prioritization (Figure 4a)
showed that the majority of the highly

ranked, tier 1 (top 2% of landscape) areas
were located on unfragmented sections of
main-stem streams and, in the southern
part of the study area, were bounded down-
stream or upstream by major impound-
ments. Examples include the Brazos River
upstream of Possum Kingdom Lake, the
Red River upstream of Lake Texoma, and
the Canadian River downstream of Lake
Meredith. This can be attributed to the high
numbers of pelagic-broadcast spawning
taxa (e.g., Sharpnose Shiner and Arkansas
River Shiner) in the analysis and the explicit
parameterization concerning their life his-
tory requirements related to drifting eggs.
However, highly ranked areas also included
smaller tributaries, where the core areas of
other rare species occurred. These include
Brassy Minnow and Plains Topminnow, with
core habitat in the tributaries of the Loup
River in central Nebraska, and Arkansas
Darter and Northern Plains Killifish, with
core habitat in western tributaries of the
Arkansas River in south-central Kansas. In-
clusion of factors to force connectivity and
spatial aggregation of resulting rankings
in the primary prioritization resulted in a
large number of unique areas in the top 10%
(1,390). From a mobile organism’s perspec-
tive, many of these separate areas are con-
nected and should perhaps be managed as
combined units.

Native fish conservation area prioritization

The NFCA prioritization grouped priorityar-
eas from the primary prioritization accord-
ing to natural biological communities and
proximity. Within the top 10% of the land-
scape, eight distinct geographic units (i.e.,
NFCAs) were identified. Each contained a
portion of the top 2% of the core areas, and
each had sufficient geographic separation
and compositional similarity (Figure 4b).
Together, these comprised 9.2% of the study
area and generally corresponded with major
river basins, including (north to south) the
White (South Dakota), Platte (Nebraska),
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Figure 4. (a) Primary prioritization with core-area function zonation analysis, species-specific
rankings, connectivity constraints, ecological groupings, and stream connectivity condition
factor (CAZ + S + C) for the 28 priority fishes of the Great Plains. Landscape rank tiers repre-
sent top fractions of the landscape ranking results and are symbolized by maximum ranking
per 12-digit USGS hydrologic unit code: tier 1 = 2% (1-0.98 cell values), tier 2 = 5% (0.98—
0.95), and tier 3 = 10% (0.95-0.9). (b) Broadscale native fish conservation areas (NFCAs)
identified according to distance and compositional similarity among highly ranked regions of

the CAZ + S + C analysis.

Arkansas and Kansas (Kansas), Canadian
(Texas and Oklahoma), Deep Fork (Okla-
homa), Red (Texas and Oklahoma), Brazos
(Texas), and Colorado (Texas) River basins.

Fish habitat quality prioritization

Prioritizing “undisturbed” (Figure 5a) and
“disturbed” (Figure sb) habitats each pro-
duced top-tier rankings that cover approxi-
mately 2% of the study area. These two re-
sults overlapped broadly, especially in the
Brazos and Red river basins as a result of
high-priority core habitats having relatively
moderate values of disturbance. Neverthe-
less, there were notable differences between
the two prioritization results. Some of the
largest differences occurred in tributar-
ies in the Platte and Arkansas River basins.
Within the Platte, relatively undisturbed
habitats were identified as core areas in the
tributaries of the Loup River (Figure 5a) in

Nebraska, whereas disturbed fish habitats
were identified along the main-stem Platte
River (Figure 5b). In the Arkansas River ba-
sin, headwater tributaries of the Salt Fork
Arkansas River contained large amounts of
core area of relatively undisturbed habitat,
whereas the Chikaskia and portions of the
Ninnesah contained core areas of disturbed
habitat. These results provide guidance for
different types of management of habitat for
priority fishes (e.g., protection versus reha-
bilitation).

Global versus administrative unit
prioritization

Differences between prioritizations with
species weighted according to their global
and subnational conservation rankings
showed considerable differences. Global
weights resulted in less fragmentation of
core areas (n = 653) compared to variable



72 LABAY ET AL.

Landscape
rank tiers

3
.-
T

Major streams

I:l Study Area

0 100 200 400m
| KA N A S

Figure 5. Riverscape prioritization derived from CAZ + S + C setup by adding a fish habitat
disturbance condition factor (H) to prioritize areas where the 28 priority fishes of the Great
Plains coincide with (a) relatively undisturbed habitat and (b) relatively disturbed habitat ac-
cording to the cumulative fish habitat disturbance metric of the National Fish Habitat Action
Plan (Esselman et al. 2011). Landscape rank tiers represent top fractions of the landscape
ranking results and are symbolized by maximum ranking per 12-digit USGS hydrologic unit
code: tier 1 = 2% (1-0.98 cell values), tier 2 = 5% (0.98-0.95), and tier 3 = 10% (0.95-0.9).

state rankings (n = 2,249). Globally weight-
ed rankings generally identified core areas
in eastern (Figure 6a) main-stem streams,
whereas state-weighted ranking identified
more uniform distribution of core areas
(Figure 6b). New Mexico, Colorado, and
Wyoming completely lacked top-tier (2% of
landscape) core areas in the globally weight-
ed prioritization, yet contained 29% of the
top-tier core area when prioritization was
based on variable state-level conservation
weighting for species.

Species richness prioritization

The multiscale prioritization differed dra-
matically when using the additive ben-
efit cell removal rule (see 2.5.4; providing
a “bang-for-buck” perspective) at different
spatial extents. Figure 7 shows riverscape
prioritizations using the additive benefit cell
removal method rule for major river basins
(Figure 7a), U.S. states (Figure 7b), and the

study area (Figure 7c). The top-tier (2% of
landscape) core areas identified vary greatly
according to geographic extent of analy-
sis, but in general, core areas are in eastern
streams due to higher richness in down-
stream reaches throughout the study area.

Discussion

Our study provides a comparison of five con-
servation perspectives useful for identifying
areas of conservation interest across the U.S.
Great Plains. The primary perspective sum-
marized the distribution of highly connect-
ed habitats that are still habited by species
in need of conservation, but it identified a
large number of small, local areas that were
actually nested within broader areas shar-
ing unique assemblages of fishes. Our sec-
ond perspective based on the NFCA concept
(Williams et al. 2011) aggregated these local
areas within a smaller number of geographi-
cally larger units. The NFCA units tended
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Figure 6. Riverscape prioritization derived from CAZ + S + C setup with (a) global species
conservation rank weights (Table 3) and (b) species weights differentially set in each state
based on state-level NatureServe conservation rankings (S rank; Table 3). Landscape rank
tiers represent top fractions of the landscape ranking results and are symbolized by maximum
ranking per 12-digit USGS hydrologic unit code: tier 1 = 2% (1-0.98 cell values), tier 2 = 5%

(0.98-0.95), and tier 3 = 10% (0.95-0.9).

to include the same areas of “undisturbed”
habitats identified through the perspective
based solely on habitat condition as well as
areas identified in the global (Great Plains),
but not local (individual states) perspec-
tives. Furthermore, the NFCAs contained
the majority of the diversity hotspots identi-
fied through the perspective based only on
species richness, measured at either the riv-
er basin or study area extents (but not state
extent). Our results highlight that priorities
within geopolitical boundaries (states) were
not always spatially consistent with priority
areas identified with a broader perspective,
meaning broadscale coordination among
states with a shared focus on NFCAs is a
more efficient conservation methodology
compared to state SWAPs operating inde-
pendently (Neeson et al. 2015). Together,
these findings suggest the question “where
are areas of interest for fish conservation in
the Great Plains?” depends largely on who's
asking when viewed from the perspective of

individual states, but this subjectivity is re-
duced considerably when broader geograph-
ic perspectives that match the scale of fish
biogeography are considered.

Assessment validation with other studies

We assessed the validity of our NFCA frame-
work by comparing it with two previous con-
servation perspectives for Great Plains fishes
(Figure 8). Hoagstrom et al. (2011) suggest-
ed that 18 high-quality native fish refuge
streams persisted in the Great Plains, each
inhabited by at least three Great Plains en-
demics. Our NFCA model captured g of that
study’s 13 proposed refuge streams that were
in our study area (Figure 8). The major area
of disagreement between conservation out-
looks hinged on inclusion by Hoagstrom et
al. (2on1) of Plains Sand Shiner Notropis stra-
mineus missuriensis, a widely distributed
subspecies not included in our NFCA frame-
work because it has a stable conservation
status. Endemic fish refuges proposed by
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Figure 7. Riverscape prioritization using the
additive benefit cell removal prioritization rule
for (a) major river basin, (b) U.S. state, and
(c) study area geographic extents. Land-
scape rank tiers represent top fractions of the
landscape ranking results and are symbol-
ized by maximum ranking per 12-digit USGS
hydrologic unit code: tier 1 = 2% (1-0.98 cell
values), tier 2 = 5% (0.98-0.95), and tier 3 =
10% (0.95-0.9).

Hoagstrom et al. (2011) but not identified by
our model as having high conservation val-
ue tended to be in the western Great Plains
where Plains Sand Shiner persists despite
declines or extirpations of other native fish-
es (e.g., Perkin et al. 2015a). Similarly, 13 of 16
stream fragments identified as high conser-
vation priorities by Perkin et al. (2015a) were
captured in our NFCA framework, likely be-
cause parameterization of our assessment
utilized some of the same species-specific
life history requirements included by Per-
kin et al. (2015a). The three not identified in
our NFCA framework all occurred along the
western edge of the Great Plains where water
availability has declined greatly because of
depletion of the High Plains aquifer (Stew-
ard et al. 2013; Perkin et al. 2017). Although
some native species habitat persists in these
western extremes of the study area (e.g., the
North and South Platte rivers of Wyoming;
Steward et al. 2013) and the conservation of
these habitats is critical for the maintenance
of regional native fish diversity, the ecologi-
cal future for fish habitat in some portions
of the western Great Plains is dire (Falke et
al. 20m). Thus, the spatially explicit nature
of inclusion and exclusion of previously pro-
posed priority areas for Great Plains fishes
is related to the riverscape ranking basis of
our modeling framework. That is, excluded
stream segments are of high value, albeit
at a lower relative ranking compared to the
identified NFCA streams. Areas highlighted
as having high conservation value in our
model are simply the NFCAs in which top-
tier priority species’ core habitat exists, and
we stress that conservation opportunities in
the portion of the Great Plains lying outside
our proposed NFCAs should not be ignored.
Additionally, the NFCA framework identi-
fied here is intended to be an initial starting
point for local experts to amend as neces-
sary to address stakeholder priorities at finer
scales, and consideration of critical exclu-
sions must be made by users of any particu-
lar assessment perspective provided here.
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Figure 8. Map showing overlap in between the native fish conservation area (NFCA) frame-
work presented in this study and two previous conservation priority perspectives for Great
Plains fishes (Hoagstrom et al. 2011; Perkin et al. 2015a).

Delivery as planning tools for conservation
action

To bridge the assessment-implementation
gap in conservation planning, conservation
assessment products such as those pro-
duced here must be complemented with
an implementation strategy (Fausch et al.
2002). This can be achieved by mainstream-
ing of the planning products, coupling their
recommendations into communication
and collaboration tools used to coordinate
among various stakeholders. In practice,
this can mean interpreting and redesign-
ing these tools to facilitate a framework for
decisions by the diverse personnel and or-
ganizations whose work influences natural
resource management (e.g., Pierce 2003). As
an example, the federally required SWAP of
every U.S. state and territory include guid-
ance for interpretive land and stream habitat
management (Fontaine 2011). Placing these
guidelines into a strategic planning frame-
work, as provided by high-level assessment
and planning products such as produced

here, facilitates efficiencies for land-use
planners and conservation organizations
wanting to coordinate and justify decisions
and recommendations regarding best man-
agement practices.

This mainstreaming of assessment and
planning products is not a one-time effort,
but requires continuous input and feedback
from stakeholders involved. Further, the ac-
tivity of mainstreaming and purposing these
assessment products must be uniquely per-
formed for, and by, individual implementa-
tion organizations and researchers, as the
information and perspectives presented
do not offer the same value across different
groups (e.g., federal versus state biologists).
That is, the utility of the conservation per-
spectives provided in our comparative study
depends on who is asking for guidance, and
our approaches are not intended for fine-
scale prioritization requiring local expertise.
Resources should be put towards tailoring
assessment products into use-case planning
tools depending on specific needs of imple-
mentation practitioners. At the very mini-
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mum, these tools, especially the perspectives
of species management units, provide region-
al managers with organizational frameworks
that help them communicate more efficiently
with different conservation-implementation
and funding groups. However, optimally,
individual conservation groups, research-
ers, and state agencies should be encouraged
to come together and actively leverage their
unique opportunities to mainstream assess-
ment products, as presented here, to high-
light linkages between natural resources and
socioeconomic benefits.

Integration into a framework for
implementation of the National Fish
Habitat Partnership

The National Fish Habitat Action Plan
(NFHAP; AFWA 2012; www.fishhabitat.org)
provides strategies for cooperative, inter-
jurisdictional, and landscape-scale conser-
vation of fishes and other aquatic resources
in the United States and serves as the strate-
gic plan for the National Fish Habitat Part-
nership and associated network of regional-
ly focused fish habitat partnerships. Within
the southern extent of the U.S. Great Plains,
the Southeast Aquatic Resources Partner-
ship (SARP; www.southeastaquatics.net) is
actively engaged in regional implementa-
tion of the NFHAP. The Southeast Aquatic
Resources Partnership is a collaborative,
multiagency conservation partnership geo-
graphically aligned with the 14 member
states of the Southeastern Association of
Fish and Wildlife Agencies, including the
U.S. Great Plains states of Oklahoma and
Texas.

Formed in 2001, the mission of SARP is
to protect, conserve, and restore aquatic re-
sources, including habitats throughout the
region, for the continuing benefit, use, and
enjoyment of the American people (SARP
2014). Since the partnership’s inception,
SARP has served as a regional catalyst and
network builder for fish habitat conserva-
tion, spearheading regional assessments of

flow alteration, riparian condition, and fish
passage barriers and supporting on-the-
ground delivery of aquatic habitat restora-
tion projects (SARP 2014). The partnership
was formally recognized as a fish habitat
partnership in 2007, and in 2008, SARP and
partners published the Southeast Aquatic
Habitat Plan (SARP 2008), which estab-
lished regional conservation objectives and
targets (i.e., 5-, 10-, and 15-year outcomes)
used by the partnership to monitor progress
and to continually adapt and refine regional
fish habitat conservation strategies (SARP
2014).

Critically important to the success of
SARP and other fish habitat partnerships is
the ability to facilitate communication and
cooperative planning among local, state,
and federal natural resources management
agencies, nongovernmental organizations,
and other partners. Cooperative planning al-
lows for identification of shared geographic
(e.g., ecoregions, watersheds) and thematic
(e.g., dam removal, flow restoration, ripar-
ian restoration) priorities and supports stra-
tegic investments and leveraging of available
technical and financial resources, often al-
lowing for significant expansion of the scope
and scale of local conservation projects
(e.g., extent of watershed restored, inclu-
sion of project-based monitoring or applied
research necessary to evaluate and improve
restoration designs). To examine the utility
of the conservation assessment products as-
sembled through this study, a pilot conser-
vation planning process was conducted in
collaboration with SARP and the GPLCC.
The conservation planning process occurred
in NFCAs prioritized within the Brazos, Ca-
nadian, Colorado, and Red River basins (Fig-
ure 4b; Birdsong et al. 2018). Local, state,
and federal natural resources management
agencies, universities, and nongovernmen-
tal organizations were invited to participate
in a series of webinars, workshops, and field
days. These events were used to profile the
conceptual underpinnings of the NFCAs ap-
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proach (Williams et al. 2011), to review and
obtain feedback on the geographic extent of
the Great Plains river basins prioritized as
NFCAs (Figure 4b), and to identify strategies
and project-level conservation actions to re-
store and preserve focal species and their
habitats within the NFCAs. A total of 77 con-
servation professionals participated in the
conservation planning process, collectively
identifying 96 project-level conservation ac-
tions across the four NFCAs (Birdsong et al.
2018). Actions were prioritized and formu-
lated into multiyear (5-10 years), watershed-
based conservation action plans intended to
guide and facilitate collaborative conserva-
tion within NFCAs of the Brazos, Canadian,
Colorado, and Red River basins (Birdsong et
al. 2018). Subsequent efforts to implement
the conservation action plans assembled for
those four NFCAs are described by Birdsong
et al. (2019, this volume).

This watershed-based conservation plan-
ning within NFCAs of the U.S. Great Plains
provided a successful case study that has
since been transferred and replicated within
other regions of the United States. The Des-
ert Fish Habitat Partnership and Western
Native Trout Initiative, two fish habitat part-
nerships focused on implementation of NF-
HAP within the southwestern United States,
recently cooperated to implement this same
conservation assessment and prioritization
approach within the Rio Grande basin (La-
bay et al. 2018), which encompasses the U.S.
states of Colorado, New Mexico, and Texas.
For the portion of the Rio Grande basin lo-
cated within the Chihuahuan Desert ecore-
gion of Texas, six NFCAs were prioritized.
The same conservation planning process
completed for NFCAs of the U.S. Great Plains
was employed by Garrett et al. (2019, this vol-
ume) to assemble conservation action plans
for those six NFCAs.

Prioritization of NFCAs has served as
the impetus for increased and focused in-
vestments in native fish conservation (e.g.,
research, monitoring, habitat restoration,

and protection) within select river basins of
the U.S. Great Plains and the southwestern
United States (Birdsong et al. 2018, 2019;
Garrett et al. 2019). These outcomes have
demonstrated the utility of assessment
products described herein in enhancing
communication and fostering collaboration
among nongovernmental organizations,
universities, and state and federal agencies
and in facilitating the leveraging of staff, ex-
pertise, project funding, and other resources
toward delivery of proactive conservation
projects.

Conclusions

Conservation assessment is the technical
task of identifying, categorizing, and rank-
ing areas of importance in terms of their rel-
evance to accomplishing conservation goals.
This study performed a series of assessments
for 28 priority fishes of the U.S. Great Plains
that account for various ecological and land-
scape condition factors that influence fish
distributions. The assessment process in-
volved creating a framework for design and
implementation of linked components (e.g.,
species life history traits and stream condi-
tion) at a scale appropriate for identification
of broad priority areas for streams in the
study area.

These assessments constitute a critical
component of the broader process of con-
servation planning. Initial decisions regard-
ing data and assessment design determine
how the resultant assessment tools can and
should be applied and integrated into the
broader planning process, and throughout
the setup process, we created an assessment
that utilized a NFCA approach to identify
important areas for the target fishes while
accounting for spatial variability in stake-
holder priorities (Williams et al. 20m). In-
terjurisdictional conservation decisions and
solutions require consideration of the pri-
orities held by those who are asking for con-
servation management direction. Because
local protection areas may be insufficient
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to address regional threats to diversity (e.g.,
Spurgeon et al. 2014), communication and
cooperation among stakeholders are key to
successful aquatic resource conservation.
Implementation of a broadscale multispe-
cies assessment such as this complements
traditional reactive management and resto-
ration by providing tools to facilitate com-
munication, cooperation, and coordination
among stakeholders and partners, increas-
ing efficiency of future monitoring and
management efforts.
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