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Conversion of native habitats to cropland is a leading cause of biodiversity loss. The northeastern extent of the
sagebrush (Artemisia L.) ecosystem of western North America has experienced accelerated rates of cropland con-
version resulting inmanydeclining shrubland species including greater sage-grouse (Centrocercus urophasianus).
Here we present point-process models to elucidate the magnitude and spatial scale of cropland effects on sage-
grouse lek occurrence in eastern Montana, northeasternWyoming, North Dakota and South Dakota. We also use
a non-parametric, probabilistic crop suitability model to simulate future cropland expansion and estimate im-
pacts to sage-grouse. We found cropland effects manifest at a spatial scale of 32.2 km2 and a 10 percentage
point increase in cropland is associated with a 51% reduction in lek density. Our crop suitability model and sto-
chastic cropland build-outs indicate 5–7% of the remaining population in the US portion of sage-grouse Manage-
ment Zone I is vulnerable to future cropland conversion under a severe scenariowhere cropland area expands by
50%. Using metrics of biological value, risk of conversion, and acquisition cost to rank parcels, we found that a US
$100M investment in easements could reduce potential losses by about 80%, leaving just over 1% of the popula-
tion in the study are vulnerable to cropland expansion. Clustering conservation easements into high-risk land-
scapes by incorporating landscape-scale vulnerability to conversion into the targeting scheme substantially
improved conservation outcomes.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Expansion of agriculture has been implicated as a major driver of
biodiversity loss at global and continental scales, having caused greater
environmental change to the earth's surface than any other land use
(Wilcove et al., 1998, Green et al., 2005). Increases in global population
and living standards are expected to add around 1 billion new hectares
of agricultural land by 2050 (Tilman et al., 2001, 2011). In addition to di-
rect habitat loss, wildlife populations in habitat fragmented by cropland
may suffer from increased abundance of predators or parasites (Andren,
1992, Rand et al., 2006, Vander Haegen, 2007, Tscharntke et al., 2012).
These landscape-scale effects of cropland may vastly increase the
scope of impacts of agriculture on sensitive species. Low elevation
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ith).

. This is an open access article under
arable lands are underrepresented in existing protected areas, leaving
the associated biota especially vulnerable (Pressey, 1994, Scott et al.,
2001). Preventing loss of species and their habitats to cropland expan-
sion will require innovative and strategic implementation of limited
conservation funds.

Semi-arid sagebrush (Artemisia L.) ecosystems of western North
America exemplify the conservation challenges in landscapes increas-
ingly transformed by agricultural production. Once covering some
63 Mha in 14 U.S. states and 3 Canadian provinces, sagebrush ecosys-
tems are afforded little formal protection and have experienced sub-
stantial loss and fragmentation from a diversity of human activities
(Knick et al., 2003, Knick and Connelly, 2011). Associated declines in
many sagebrush-dependent species have elicited growing concern for
their long-term persistence (Suring et al., 2005). While much of the
sagebrush ecosystem occurs on shallow soils unsuitable for cultivation,
extensive conversion has occurred where sagebrush vegetation over-
lays deeper, more arable soils (e.g., Vander Haegen et al., 2000).
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Shrublands were the second most common source for new cropland in
the US between 2008 and 2012, a period of accelerated conversion ac-
tivity during which nearly 3 Mha of previously uncultivated land was
brought into crop production (data expressed in acres by Lark et al.,
2015; 1 ha = 2.47 ac).

Greater sage-grouse (Centrocercus urophasianus, hereafter sage-
grouse), a sagebrush obligate bird requiring large, intact shrub-domi-
nated landscapes, was added to the Endangered Species Act (ESA) can-
didate list in 2010 following several petitions for their federal protection
(USDepartment of Interior, 2010). A US Department of Interior Fish and
Wildlife Service (USFWS) determination in September 2015 found cur-
rent efforts by state and federal agencies and other partners adequate to
obviate the need for a listing, but significant conservation challenges re-
main and the species' status will again be reviewed in 2020 (US
Department of Interior, 2015). Cropland conversion ranks high on the
list of threats to sage-grouse in portions of their range (USFWS, 2013).
Populations of sage-grouse experienced local extirpation and isolation
when regions with deep, arable soil formerly dominated by sagebrush
were farmed in the late 19th and early 20th century (Swenson et al.,
1987, Schroeder et al., 2000, Vander Haegen et al., 2000). Sagebrush-
dominated lands in the northern Great Plains, with their shallower
soils and harsher growing conditions, remained relatively intact. Ad-
vancing agricultural technologies and periodically favorable commodi-
ties prices, however, facilitate ongoing conversion (Rashford et al.,
2011, Sylvester et al., 2013, Lark et al., 2015) and replacement of native
rangeland by cropland is thought to be a dominant threat to the species
in thenortheast portion of their range (USFWS, 2013). Themagnitude of
this threat, however, is poorly understood.

Cropland has been implicated as a limiting factor for sage-grouse (e.g.,
Walker et al., 2007, Aldridge et al., 2008, Knick et al., 2013) but the spatial
scale atwhich cropland affects sage-grouse distribution has received little
attention. For example, Knick et al. (2013) found that approximately 25%
cropland within 5 km constituted an upper threshold for sage-grouse
breeding habitat in the western portion of their range, and Aldridge et
al. (2008) found that extirpation was likely in counties comprised of
N25% cropland. These investigations considered only a single scale at
which to measure cropland surrounding leks and therefore may not ade-
quately characterize how sage-grouse respond to cropland. Walker et al.
(2007) used an information-theoretic approach to select from among
three scales (0.8 km, 3.2 km, and 6.4 km) and found support for the larg-
est of the scales they considered. Their study area, however, was geo-
graphically restricted to the Powder River Basin of northeast Wyoming
and southeastMontana,where tilled land is a relativelyminor component
of the landscape and largely comprises irrigated hay and alfalfa, not the
annual small grain crops common elsewhere in the northern Great Plains
(USDA-NASS, 2014a). A better understanding of the spatial scale atwhich
cropland affects the distribution of sage-grouse populations is urgently
needed to predict effects of future land-use change on the species' habitat
and populations and to prioritize conservation.

Conservation easements—voluntary legal agreementswherein land-
owners retain title of their land but are compensated to relinquish cer-
tain uses of the land in order to foster conservation goals (Fishburn et al.,
2009)—are the primary management tool available to prevent further
loss of sagebrush ecosystems to cropland conversion. Easements have
been shown to both improve conservation value of land in sagebrush
ecosystems (Pocewicz et al., 2011) and contribute to sage-grouse con-
servation (Copeland et al., 2013). A program of targeted acquisition of
easements preventing further loss and fragmentation of sage-grouse
habitat is recognized as a necessary component of a successful conser-
vation strategy (USFWS, 2013, Montana Greater Sage-grouse Habitat
Conservation Advisory Council, 2014), yet the potential for such a pro-
gram to mitigate cropland conversion has yet to be evaluated. Ease-
ments involve significant opportunity costs that must be compensated
and are therefore expensive to implement over large areas. Efficient, sci-
ence-based allocation of conservation easement funds is therefore
critical.
Focusing on the northern Great Plains portion of the sage-grouse
range in eastern Montana, northeast Wyoming, and western North Da-
kota and South Dakota, we address the following questions: 1) At what
scale does cropland affect the use of an area by breeding sage-grouse?
2) What proportion of the known breeding population faces risk of
local extirpation due to future cropland conversion, and where do at-
risk populations occur? 3) How could a program of targeted conserva-
tion easement acquisition affect long-term outcomes for sage-grouse
in this region?

2. Methods

2.1. Study area

Our study area included potential habitat in sage-grouse Manage-
ment Zone 1 (hereafterMZ1; Stiver et al., 2006), encompassing portions
of eastern Montana, northeast Wyoming, and western North Dakota
and South Dakota (Fig. 1). Sage-grouse habitat in this region differs
from other management zones in the predominance of privately-
owned lands and its widespread use for non-irrigated farming. Major
landowners include private (70%), US Bureau of Land Management
(11%), State (7%), USDA Forest Service (5%), and Bureau of Indian Affairs
(5%) (BLM, 2013). Priority Areas for Conservation (PACs) are areas of
high sage-grouse abundance that are focal areas for conservation efforts
across the range of sage-grouse. PACsmakeup approximately 15% of the
study area (Fig. 1). We excluded areas deemed naturally unsuitable for
sage-grouse because of extreme topography, the predominance of for-
est landcover, or presence of surface water by masking out areas
where topographic roughness within 800 m, proportion forest
landcover within 1 km, or proportion surface water within 800 m (see
Table 1) exceeded the values found at known active leks (defined
below). Sage-grouse require sagebrush during all phases of their life
and leks, the communal breeding grounds used by sage-grouse in the
spring, occur in landscapes with abundant nesting habitat (Gibson,
1996a, Doherty, 2008). Studies in the northern Great Plains indicate fe-
males commonly nest N5 km from the lek at which they are bred
(Walker et al., 2007, Herman-Brunson et al., 2009, Tack, 2009, J. Smith,
unpublished data); hence we excluded areas N6.4 km from the nearest
sagebrush landcover.

2.2. Lek suitability modeling approach

Observed locations of leks represent the best data available on sage-
grouse distribution. Lek locations are suitable geographical indices of
sage-grouse populations because they are proximal to habitats used
during life stages critically important to population growth such as
nesting and brood-rearing (Taylor et al., 2012). We hypothesize that
sage-grouse use of an area for lekking is negatively related to the
amount of the surrounding landscape converted to cropland. We treat
observations of active leks as an inhomogeneous Poisson point-process
(hereafter IPP; Cressie, 1993, Warton and Shepherd, 2010) where the
expected intensity of sightings of active leks (λs) is a function of envi-
ronmental attributes measured at various spatial scales (Table 1). Our
model is conceptually equivalent to a resource selection function with
a used-available sampling design (Manly et al., 2002, Johnson et al.,
2006) at the second order of habitat selection (Johnson, 1980) where
we use leks to identify areas used by breeding populations and sample
background locations randomly from a portion of the species estimated
former geographic range.We define an active lek as a locationwhere N1
malewas observed displaying during the breeding season in ≥1 year be-
tween 2008 and 2012 (n=1064).Where N1 active lek occurred within
1 km we included only the lek with the greatest average high male
count (i.e., the highest count ofmales on a lekwithin a breeding season)
during this period.

We used the downweighted Poisson regression method recently
proposed by Renner et al. (2015) to maximize the IPP likelihood while



Fig. 1. Study area, sage-grouseManagement Zone 1 (MZ1), showing active leks and areas currently occupied by cropland. Lek color indicates vulnerability to cropland expansion—i.e., the
proportion of 1000 stochastic cropland build-outs in which the lek fell below the model-based habitat threshold. Dark gray points indicate leks that currently fall below the habitat
threshold (n = 122, see Section 3.3). Point size is proportional to maximum recorded male attendance from 2008 to 2012. Numbered PACs contain more than half of the vulnerable
males (Section 3.3). Inset depicts the global range of sage-grouse (historical range in light green, current range in dark green) and boundaries of management zones. (For
interpretation of the references to in this figure legend, the reader is referred to the web version of this article.)
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estimating an intercept that would yield predictions on a biologically
meaningful scale. This technique uses the area of the study area (A) to
assign different weights to presence points (active leks; yi = 1) and
quadrature or background points (yi = 0) such that the predicted re-
sponse, λs, is scaled to represent the expected number of sightings of ac-
tive leks per-unit area (Renner et al., 2015). We chose the number of
background points n by randomly sampling 20 replicate sets of back-
ground points for each of 8 different values of n ranging from 1000 to
250,000, fitting the global model to each set, and visually assessing con-
vergence of model log likelihoods as n increased (Renner et al., 2015).
We fit IPP models using the glm function in R version 3.0.1 (R
Development Core Team, 2014) with Poisson distributed errors and a
log link, set weights (wi) equal to 10−8 at presence points and A/n at
background points, and used zi = yi/wi as the response (Renner et al.,
2015).Wefirstfit a globalmodelwithout quadratic terms and used var-
iance inflation factors (VIF) to screen for multicollinearity (Fox and
Monette, 1992, Dormann et al., 2013). After removing collinear vari-
ables (VIF ≥ 10) we proceeded with model selection and validation.

2.3. Model selection and validation

Aprimary goalwas to identify the scale atwhich cropland influences
use of an area by breeding sage-grouse. We used an information theo-
retic approach to select from among candidate models with proportion
of the landscape in cropland measured within five progressively-larger
neighborhoods where the previous scale was partialed out using a
donut-hole approach (Ramsey et al., 1994, Meyer et al., 1998). Sizes of
neighborhoods (inside diameter – outside diameter) were 0.0–0.8 km,
0.8–3.2 km, 3.2–6.4 km, 6.4–8.5 km, and 8.5–10 km. The smallest scale
(0.8 km) represents effects of cropland at the lek site itself while ac-
counting for error in recorded lek coordinates, and coincides with the
resolution of our spatial data. The next largest scale (3.2 km) has been
recommended as a buffer around leks of non-migratory populations in
which vegetation should be left undisturbed (Connelly et al., 2000).
The 6.4 km scale was chosen because other studies have found 3.2 km
buffers insufficient to prevent population declines (Holloran, 2005,
Walker et al., 2007), and Walker et al. (2007) found support for crop-
land effects at this scale in the southern portion of our study area. We
included the 8.5 km scale because it was identified by Holloran and
Anderson (2005) as an appropriate “area of interest” around leks
based on distribution of nests. Finally, we included the 10 km scale to
consider effects on resources used outside of the breeding and nesting
seasonswhenbirdsmay bedistributed farther from leks and because ef-
fects of oil and gas development on lek attendance have been detected
at this distance (Gregory and Beck, 2014). We fit candidate models
(Table 2) and selected among them using the Akaike Information Crite-
rion corrected for small sample size (AICc; Akaike, 1973, Hurvich and
Tsai, 1989). The model that minimized AICc was selected as the top
model and subsequently simplified by collapsing all included cropland
buffers into a single circular buffer and re-fitting themodel as described
above.

We evaluatedfit of the selected IPPmodel using k-folds cross-valida-
tion (Boyce et al., 2002).We divided the presence dataset into 5 test sets
each containing an approximately equal number of active leks and for
each test set, fit the model with the data not included in the test set
(the training set) and used the fitted model to predict intensity at test
data locations. After binning model predictions into 10 equal-area
bins, we calculated the Spearman rank correlation between bin



Table 1
Covariates used in IPP models of active sage-grouse lek sighting rate in sage-grouse Man-
agement Zone 1.

Covariate (Abbreviation) Scale Source

Landcover
Proportion forest landcover (Forest) a 1.0 km 1
Proportion sagebrush-dominated landcover (Sagebrush)a 6.4 km 1
Distance to mesic landcover (Dist_mesic) a – 1

Topography
Standard deviation of elevation (Roughness) a 0.8 km 2

Climate
Average annual minimum temperature (Min_temp) a 0.8 km 3
Average annual maximum temperature (Max_temp) a 0.8 km 3
Average total precipitation March–May (Spring_precip) a 0.8 km 3
Average total precipitation June–August (Summer_precip) a 0.8 km 3
Average total precipitation September–November
(Fall_precip) a

0.8 km 3

Anthropogenic features
Proportion non-cropland anthropogenic disturbance
(Disturb)a

5.0 km 4

Cropland
Proportion cropland (Crop_0.8)a 0–0.8 km 5
Proportion cropland (Crop_3.2)a 0.8–3.2 km 5
Proportion cropland (Crop_6.4) 3.2–6.4 km 5
Proportion cropland (Crop_8.5) 6.5–8.5 km 5
Proportion cropland (Crop_10.0) 8.5–10.0

km
5

Sources: 1: LANDFIRE (2008) 2: Standard deviation of elevation from 30mDEM (Gesch et
al., 2002, Gesch, 2007) 3: 30-year climate normals (1981–2010; PRISM Climate Group,
2014); 4: Proportion of area covered by disturbances after converting vector data sources
to a single cumulative raster layer (30m resolution). Vector data sources include: National
Landcover Dataset (Fry et al., 2011), State oil & gas boards of Montana, North Dakota,
South Dakota, andWyoming, TIGER/Line vector data (US Census Bureau, 2013), and Fed-
eral Communications Commission (wireless.fcc.gov); 5: National Agricultural Statistics
Service Cropland Data Layer (USDA-NASS, 2014a).

a In top IPP model.

Table 2
Covariates used to fit random forest model predicting cropland in sage-grouse Manage-
ment Zone 1.

Covariatea Source/Citation

Annual Drought Index 1
Degree days b5C 1
Frost free period 1
Mean annual temperature 1
Mean annual precipitation 1
Compound Topographic Index (wetness) 2
Landform Index 3
Roughness 3 × 3 focal window 4
Roughness 27 × 27 focal window 4
Slope * COS(Aspect) 5
Slope * SIN(Aspect) 5
Slope in degrees 6
Slope position 7
Surface relief ratio 3 × 3 focal window 8
Surface relief ratio 27 × 27 focal window 8
Topographic Radiation Aspect Index 9
Available water storage 25 cm 10
Available water storage 50 cm 10
Available water storage 100 cm 10
Available water storage 150 cm 10
Distance from the soil surface to top of a bedrock layer 10
Proportion of dominate drainage class 10
Proportion of wettest drainage class 10
Proportion of dominant flood frequency class 10
Proportion of highest probability class representing annual
probability of a flood event

10

Proportion of hydric soils 10
Proportion of soils with high runoff potential 10
Proportion of soil unit exhibiting water being ponded on the soil
surface

10

Slope gradient of soil map unit 10
Weighted average of slope gradient of soil map unit 10
Annual shallowest depth to a wet soil layer (water table) 10
Growing season shallowest depth to a wet soil layer (water
table)

10

National Commodity Crop Productivity Index 11

Sources: 1: Rehfeldt et al. (2006); 2: Gessler et al. (1995); 3:McNab (1993); 4: Riley et al.
(1999); 5: Stage (1976); 6:Horn (1981); 7:Blaszczynski (1997); 8:Pike (1971); 9:Roberts
and Cooper (1989); 10: Soil Survey Staff (2012); 11: USDA (2012).

a All data were resampled to a common resolution of 30 m for model fitting and pre-
diction, then resampled to 56 m for cropland build-out to speed calculation.
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numbers—an ordinal representation of increasing predicted lek habitat
suitability—and frequencies of test leks with fitted values falling in
those bins. Strong positive correlation is an indication of good model
performance (Boyce et al., 2002).

2.4. Point-process model covariates

We used the USDA National Agricultural Statistics Service (USDA-
NASS) CroplandData Layer (hereafter CDL; USDA-NASS, 2014a) tomea-
sure the proportion of the landscape in each buffer occupied by crop-
land. Cells classified as an annual crop, hay, or alfalfa (hay and alfalfa
included classes 36 and 37) in ≥1 year during the period 2008–2012
were classified as cropland. The fallow or idle cropland class (class 61)
was not included aswe observed frequent instances of native rangeland
misclassified into this category, a pattern initially detected due to
scattered single pixels or small groups of pixels not resembling tilled
fields and verified by inspecting aerial imagery. Using a five-year time
series, the large majority of cropland in fallow rotation should appear
in our dataset as cropland.

Other covariates included in all candidate models included propor-
tion forest landcover, which is negatively associated with lek persis-
tence within 1 km of leks (Baruch-Mordo et al., 2013); distance to
mesic landcover, an important seasonal resource that affects sage-
grouse population distribution and abundance (Donnelly et al., 2016);
topographic roughness (Doherty et al., 2008, Baruch-Mordo et al.,
2013); proportion sagebrush-dominated landcover, and non-cropland
anthropogenic disturbance within 5 km (e.g., Knick et al., 2013). We
also included 30-year normalized seasonal precipitation and annual
minimum andmaximum temperatures to account for other abiotic fac-
tors potentially limiting sage-grouse lek distribution. Quadratic terms
were included where they seemed biologically appropriate: for Forest,
Sagebrush, Dist_mesic, and all climate-related variables (see Table 1
for complete list of covariates and their abbreviations).

All data were represented using a common resolution of 800 m.
Neighborhood and distance calculations were first performed at the
data's native resolution before aggregating to a resolution approaching
800 m and resampling. All raster processing was performed with the R
packages raster v. 2.4 (Hijmans, 2015), rgdal v. 1.0 (Bivand et al.,
2015), and gdalUtils v. 0.3.1 (Greenberg and Mattiuzzi, 2014).

2.5. Linking build-outs to birds

To identify leks at risk of extirpation from crop expansionwe applied
a threshold on IPP model predictions to create binary habitat maps for
each iteration of the cropland build-out (see Section 2.7) delineating
areas suitable for lek persistence from those unlikely to support leks
(hereafter “habitat threshold”). During model validation, the 5 test
datasets (~212 leks in each dataset) withheld during model fitting
and 5 sets of randomly generated background points (n = 500) were
used to calculate the intensity value thatmaximized the sumof sensitiv-
ity and specificity of the model (Liu et al., 2013). The five resulting
threshold values were averaged to produce a habitat threshold used to
evaluate the effect of crop build-out scenarios on the population.

At each iteration of the build-out we measured cropland covariates
at all leks from the simulated croplandmap, calculated predicted inten-
sities at active lekswith thefitted IPPmodel, and determinedwhich leks
occurred in areas below the habitat threshold. We recorded the

http://fcc.gov
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proportion of the known male population falling below the habitat
threshold under each scenario using the maximum high male count at
active leks from 2008 to 2012.

2.6. Crop suitability model

We fit a crop probability model indicating suitability using the non-
parametric weak learner model, random forests (Breiman, 2001).
Model covariates included derived topographic metrics indicating sur-
face variability, solar intercept and water holding capacity; climate in-
cluding 30 year normalization (1981–2011) of mean annual
precipitation, mean annual temperature, number of degree days N5 °C
and duration of frost free period; and soil characteristics from the
SSURGO database (Soil Survey Staff, 2012). See Table 2 for a list of inde-
pendent variables considered in model. For computational tractability
and control of highly localized variation, we produced independent
models for each county (n = 67) and merged county-level model pre-
dictions to produce a final, continuous coverage for the study area.

To specify the dependent variable we used CDL maps from 2008 to
2011 to derive a binominal response. We first reclassified yearly CDL
rasters to binary by reclassifying all crop related classes to 1 and all
other classes to 0 and then summed across all years to produce a single
crop frequency raster. We then classified all pixels with a crop frequen-
cy ≥ 1 as 1 and all others as 0. Since we had data representing both dis-
crete, with highly variable spatial-area representation, and continuous
processeswe needed a sampling scheme that captured both spatial pro-
cesses without introducing undue dependency and pseudo-replication
issues in the models. Accordingly, we implemented an area-weighted
variable random sample, using SSURGO polygons, capturing both the
soil spatial aggregate and variability of the underlying continuous vari-
ables. For each random sample we assigned the associate soil attributes
and continuous variables as well as the binary response variable.

We tested for multicollinearity and removed any independent vari-
ables exhibiting multivariate redundancy (Murphy et al., 2010). Using
the resulting screened matrix we applied a random forest model selec-
tion (Murphy et al., 2010) with the randomForest (Liaw and Wiener,
2002) and rfUtilities (Evans and Murphy, 2014) packages in R. Each
model was tested for zero-inflation or class imbalance (Evans and
Cushman, 2009). If a model exhibited zero-inflation, using the 1/3
rule, the Evans and Cushman (2009) variant of random forests was ap-
plied otherwise standard random forest was used. In exploratory analy-
sis, global and class-level model error stabilized at ~500 bootstraps.
Because interactions stabilize at a slower rate than error we doubled
the number of bootstraps that stabilized error (b = 1001).

Using a Kappa statistic, we applied a model fit error criteria (k N 0.7)
to accept or reject a model. For model validation, at each county-level
model we calculated the Kappa (Cohen, 1960) to chance correct the
percent correctly classified, and the AUC/ROC (Fawcett, 2006) to ac-
count for the balance between true and false positive agreement. Final-
ly, we ran a permutated significance test (Evans et al., 2011, Evans and
Murphy, 2014) to calculate a p-value for each model.

2.7. Cropland build-out simulation

We used predictions from the crop suitability model at two
scales—the mean suitability of units of land ownership derived from
the cadastral boundaries of the Public Land Survey System (mean
216.3 ha, SD 73.0 ha; hereafter “parcels”) (US Bureau of Land
Management, 2013) and the suitability of individual cells (resampled
to 56 m resolution, or 0.3 ha)—to develop build-out maps simulating
possible future landscapes under continued cropland expansion. The
two-scale approach was used to simulate land use decisionsmade hier-
archically, first at the scale corresponding to units of ownership and sec-
ond taking into account finer-scale edaphic and topographic variation.
The followingmethods were used to create 1000 stochastic realizations
of cropland maps at five levels of crop expansion—from 10 to 50%
increases over 2008–2012 cropland area in 10% increments—to esti-
mate effects on sage-grouse.

Privately-owned parcels were selected (“tilled”) randomly using
mean parcel-level crop suitability as probability weights until the de-
sired increase in total crop area was achieved. Within selected parcels,
cells with a suitability ≤ the 5th percentile of predicted suitability values
underlying current cropland and cells presently classified as developed
(i.e., roads, buildings, well pads, etc.) were exempted from classification
as cropland. Parcels owned and managed by federal or state govern-
ment were exempted from cropland conversion. In conservation ease-
ment scenarios, parcels selected for easement purchase were also
exempted from cropland conversion.

2.8. Easement targeting strategies

We simulated cropland build-out under two conservation easement
scenarios to quantify the potential reduction in the proportion of the
population at risk that could be achieved with an investment similar
toWyoming's recent conservation easement acquisition efforts directed
at subdivision threat (Copeland et al., 2013). Our US $100 M easement
scenarios included one in which benefit-loss-cost targeting (Newburn
et al., 2005) was implemented using only parcel-level data, and one
with amodification that allows landscape-scale conversion risk to be in-
corporated into the targeting scheme. Briefly, benefit-loss-cost targeting
seeks to optimize allocation of resources for protecting land by prefer-
entially selecting for protection those sites with the highest ratio of ex-
pected loss of biological “benefits” to cost (Newburn et al., 2005).

We quantified biological benefits associated with purchasing an
easement on any given parcel of land as a function of the abundance
of sage-grouse breeding on leks within the distance D, equal to the
outer radius of the selected scale of cropland influence in the top IPP
model, and the area of the parcel. Wemade the simplifying assumption
that habitat value of lands surrounding leks is homogeneouswithin this
distance. The benefit function is:

B ¼ ∑
n

j¼1
;Nj

 !
R

where n is the number of active leks within D of the parcel center, Nj is
the maximum high male count from 2008 to 2012 at lek j, and R is the
area of native rangeland in the parcel.

Probability of cropland conversion on a parcel (P) was represented
by the mean predicted cropland suitability from the random forest
model. Cropland suitability predictions range from 0 to 1; we calculate
the parcel-level probability of loss as themean suitability value of pixels
classified as rangeland. The product BP represents the expected loss of
benefits without conservation intervention (Newburn et al., 2005).

Sage-grouse respond to disturbance and landscape composition at
spatial scales far exceeding the typical size of a parcel (Knick and
Connelly, 2011). The habitat value of a given parcel to sage-grouse
thus depends on the state of surrounding parcels. Conservation inter-
vention preventing conversion of a particular parcel selected by the
benefit-loss-cost method may therefore fail to preserve the biological
value of that parcel if lower-scoring, unprotected parcels in the sur-
rounding landscape are subsequently converted. This issue was ac-
knowledged by Newburn et al. (2005) but they did not provide a
solution for incorporating landscape-dependency into the benefit-
loss-cost prioritizationmethod. We tested the efficacy of a potential so-
lution to this issue by incorporating an additional term expressing risk
of loss at the landscape scale surrounding a parcel. Multiplying parcel-
scale probability of conversion by landscape-scale probability of conver-
sion gives higher priority to parcels in vulnerable landscapes, effectively
clustering easements into these regions and reducing the likelihood of
inefficient outcomes.



Table 4
Model coefficients of top-ranked IPP model.

Coefficient Estimate SE z-value p-value

Intercept −3.6E + 01 9.5E + 00 −3.84 0.0001
Roughness −1.2E-01 7.4E-03 −15.65 b0.0001
Sagebrush 9.1E + 00 8.2E-01 11.15 b0.0001
Sagebrush2 −1.5E + 01 1.6E + 00 −9.54 b0.0001
Forest −1.1E + 01 2.0E + 00 −5.15 b0.0001
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A general approach might simply calculate the average risk among
parcels within a moving window of a size relevant to the species or
community of interest. In our case, we used the vulnerability of active
leks calculated fromour unconstrained cropland build-outs to represent
landscape-scale risk of loss and thereby assign higher priority for ease-
ment acquisition to parcels surrounding leks in risky landscapes.
These vulnerabilities—calculated as the proportion of 1000 simulated
future cropland build-outs in which a lek falls below the habitat
threshold—represent the probability that the landscape surrounding
each lek will be converted to the extent that persistence of the local
population is compromised. We multiplied the high male counts of
leks by their vulnerability (V) to modify the benefits term:

B
0 ¼ ∑

n

j¼1
;Nj;V j

 !
R:

Costs of easement acquisition (C) was calculated using county-level
and state-level data from USDA-NASS (2014b). Rangeland value is gen-
erally lower than cropland value and, because easements would only be
purchased on rangelands, we wished to estimate average value of
rangeland by county within the study area. Because these data are not
tracked by USDA-NASS at the county scale, we used the ratio of range-
land value to cropland value at the state level to adjust county-level ag-
ricultural land values. We downloaded average 2015 agricultural land
values for each county, which are an aggregate measure across agricul-
tural land types (cropland and pastureland/rangeland). We then deter-
mined the proportion of each county's agricultural land area in cropland
and rangeland, again using USDA-NASS statistics, and used this propor-
tion and the statewide rangeland/cropland value ratio to adjust agricul-
tural land value to reflect rangeland value. The cost of purchasing an
easement on a given parcel was calculated by multiplying the parcel's
area by the county-level rangeland value and multiplying again by an
average diminution rate of 0.35, which reflects typical diminution
rates for easements purchased by The Nature Conservancy in eastern
Montana (B. Martin, personal communication).

In our parcel-scale benefit-loss-cost targeting scenario, parcels re-
ceived a score, S = BP/C and were selected in descending order until
US $100 M was exhausted. In our modified parcel + landscape bene-
fit-loss-cost targeting scenario, parcels were selected in descending
order of S′= B′P/C.We reportmeanper-area cost,mean crop suitability,
and median sum of males counted on known leks within D for parcels
selected under each scenario.

3. Results

3.1. Model selection

Model log likelihoods stabilized with 250,000 background points.
Variance Inflation Factors for all variables were b5, so no covariates
were screened from inclusion in candidate models. The IPP model
with cropland measured at 0–0.8 km and 0.8–3.2 km was most
Table 3
Candidate models of active lek sighting rate ranked by Akaike Information Criterion
corrected for small sample size (AICc).

Model K AICc ΔAICc wti

Crop_0.8 + Crop_3.2 23 12,257.78 0.00 0.59
Crop_0.8 + Crop_3.2 + Crop_6.4 24 12,259.54 1.76 0.24
Crop_0.8 + Crop_3.2 + Crop_6.4 + Crop_8.5 25 12,260.86 3.08 0.13
Crop_0.8 + Crop_3.2 + Crop_6.4 + Crop_8.5 +
Crop_10.0

26 12,262.86 5.08 0.05

Crop_0.8 22 12,284.16 26.38 0.00
Nulla 21 12,623.28 365.50 0.00

a The null model and all other candidate models include all topographic, landcover,
climate, and non-cropland anthropogenic variables indicated in Table 1.
supported (Table 3). In all cases confidence intervals for cropland coef-
ficients at scales larger than 3.2 km substantially overlapped zero. We
therefore collapsed the 0–0.8 km and 0.8–3.2 km scales into a single cir-
cular buffer (radius 3.2 kmand area 32.2 km2) and re-fit themodel with
this single cropland covariate to derive coefficient estimates and stan-
dard errors (Table 4). Model validation indicated goodmodel fit; overall
Spearman rank correlation between predicted intensity bin and test lek
density was 0.97 and all test sets had correlations N0.95.

The selected model indicates point intensity of active leks declines
rapidly as the proportion of cropland within the 32.2 km2 landscape
(Crop_3.2) increases (Fig. 2). The estimated coefficient indicates a 10
percentage point increase in Crop_3.2 is associated with a 51% decrease
in expected density of active leks (95% CI from 46% to 56%). Manipulat-
ing cropland at all active leks from0 to 1 in increments of 0.01,we found
10% of leks would fall below the threshold once cropland reached 0.08
and half the leks in our study area would fall below the habitat thresh-
old once cropland reached 0.22.

3.2. Crop suitability model

Each county-level model met our error criteria (k N 0.7). All models
were also significant from random at p = 0.001with a Kappa
(mean = 0.740, min = 0.707, max = 0.774) and AUC of (mean =
0.790, min = 0.670, max = 0.860). In addition to quantitative evalua-
tion of models it should be noted that, once merged together, there
was considerable consistency in the spatial predictions of county-level
models.

3.3. Build-out analysis

The sum of sensitivity and specificity of the IPP model was achieved
with a threshold of λs = 2.8 × 10−3. Presently 122 of 1064 leks, com-
prising 7.6% of the MZ1 population, exist in places predicted to be
below the habitat threshold (Fig. 1). For the purposes of our build-out
analysis we are concerned only with future impacts of cropland expan-
sion; we therefore consider this 7.6% of the population at these 122 al-
ready-impacted leks the baseline to which scenarios are compared.
Hereafter, reported percentages refer only to those males counted on
leks that are predicted to be above the habitat threshold presently,
and that fall below the threshold with simulated cropland expansion.

Under cropland build-out unconstrained by conservation ease-
ments, the percentage of the breeding population falling below the
Forest 1.2E + 01 1.1E + 01 1.16 0.2469
Dist_mesic 1.7E-01 4.0E-02 4.31 b0.0001
Dist_mesic2 −1.6E-02 4.0E-03 −4.05 0.0001
Winter_precip 1.8E-01 4.8E-02 3.70 0.0002
Winter_precip2 −2.2E-03 7.6E-04 −2.91 0.0037
Spring_precip 1.2E-01 3.5E-02 3.54 0.0004
Spring_precip2 −5.5E-04 1.5E-04 −3.62 0.0003
Summer_precip 4.1E-02 2.6E-02 1.60 0.1105
Summer_precip2 −1.4E-04 1.0E-04 −1.45 0.1473
Fall_precip −2.6E-01 4.2E-02 −6.07 b0.0001
Fall_precip2 1.5E-03 2.9E-04 5.31 b0.0001
Min_temp 1.6E-01 8.3E-02 1.95 0.0517
Min_temp2 2.0E-02 7.2E-02 0.28 0.7819
Max_temp 4.3E + 00 1.3E + 00 3.42 0.0006
Max_temp2 −1.6E-01 4.3E-02 −3.66 0.0003
Disturb −4.3E + 00 1.4E + 00 −3.18 0.0015
Crop_3.2 −7.2E + 00 5.3E-01 −13.42 b0.0001



Fig. 2. Mean (black line) and 95% confidence intervals (dashed gray lines) of expected
intensity of active lek sightings as a function of proportion cropland at the 32.2 km2

scale. Rug plots indicates proportion cropland measured at active leks in Management
Zone 1 (n = 1064, top) and an equal number of random locations in Management Zone
1 (bottom). 96% of active leks are found in landscapes with proportion cropland b0.15.

Table 5
Effects of simulated cropland expansion on proportion of sage grouse population in sage-
grouse Management Zone 1 occurring in areas falling below habitat threshold.

Scenario Cropland
Increase

Proportion of population
occurring below habitat
thresholda

Mean Lower
CLb

Upper
CL

No conservation 10% 0.008 0.003 0.013
20% 0.018 0.011 0.024
30% 0.029 0.021 0.037
40% 0.042 0.034 0.051
50% 0.057 0.047 0.067

Benefit-loss-cost targeting (Parcel) 10% 0.004 0.002 0.007
20% 0.009 0.005 0.013
30% 0.014 0.010 0.019
40% 0.020 0.015 0.025
50% 0.026 0.021 0.032

Benefit-loss-cost targeting (Landscape
+ Parcel)

10% 0.001 0.000 0.003
20% 0.003 0.001 0.005
30% 0.005 0.003 0.008
40% 0.008 0.004 0.011
50% 0.011 0.007 0.016

a Habitat threshold is the value that maximizes the sum of sensitivity and specificity of
the IPP model (see Section 2.5).

b Confidence limits contain central 95% of 1000 iterations of cropland build-outs.
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habitat threshold ranged from 0.8% (95% CI from 0.3–1.3%) with a 10%
growth in cropland area to 5.7% (95% CI from 4.7–6.7%) with a 50%
growth in cropland area (Fig. 3 and Table 5). One hundred nineteen
leks, representing 11.3% of the population, had vulnerabilities ≥0.1
(Fig. 1). Fifty-one percent of males counted on these leks (“vulnerable
males”) were found in 5 PACs: Fergus (1), McCone-Garfield (2), Golden
Valley (3), andMusselshell (4) in Montana and Buffalo (5) inWyoming
(see numbered PACs in Fig. 1). Most of the remaining vulnerable males
(40%) were outside PACs.

Benefit-loss-cost targeting using conversion risk only at the parcel
scale reduced the percentage of the population falling below the habitat
threshold to 0.4% (95% CI from 0.2–0.7%) with a 10% growth in cropland
area and 2.6% (95% CI from 2.1–3.2%) with a 50% growth in cropland
area. This represents a reduction of potential future losses of about
53%. Selected parcels (n = 1114, total area 207,200 ha) had a median
Fig. 3. Proportion of male breeding population in sage-grouse Management Zone 1 falling
below the habitat suitability thresholdwith simulated expansion of cropland area from10
to 50% over 2012 extent. Error bars indicate lower and upper bounds of the central 95% of
outcomes from 1000 stochastic cropland build-out iterations.
of 45 males breeding on leks within 3.2 km, a mean crop suitability of
0.294, and cost US $482.38 per hectare (US $195.22 per acre) on
average.

Incorporating the vulnerability of leks into the benefit-loss-cost
score significantly improved the efficiency of easements, reducing the
percentage of the population falling below the habitat threshold to
0.1% (95% CI from 0.0–0.3%) with a 10% growth in cropland area and
1.1% (95% CI from 0.7–1.6%) with a 50% growth in cropland area. The
landscape + parcel scale benefit-loss-cost targeting scenario resulted
in a reduction of potential future losses of about 80%. Selected parcels
(n = 926, total area 190,300 ha) had a median of 27 males breeding
on leks within 3.2 km, a mean crop suitability of 0.344, and cost US
$525.44 per hectare (US $212.63 per acre) on average. Benefits of both
easement targetingmethods increased as the severity of crop expansion
increased (Fig. 3).

4. Discussion

Adding to evidence that sage-grouse respond negatively to a growing
human footprint, we show that a 10 percentage point increase in crop-
land in a 32.2 km2 (12.4 mi2) landscape can reduce lek density by more
than half. Ten percent of 32.2 km2 equates to slightly more than one Pub-
lic Land Survey System section (2.59 km2 or 1 mi2); a single landowner
breaking out a new field can thus strongly reduce persistence of leks in
a landscape ten times the size of the field itself. Our findings suggest
that half of known active leks risk extirpationwith ≤22% of the landscape
in cropland,which generally agreeswith results of previous investigations
that found low tolerance for this disturbance (e.g., Aldridge et al., 2008,
Knick et al., 2013). Importantly, our study builds upon previous work by
clarifying the scale at which the cropland effectmanifests. Approximately
96% of known active leks inMZ1 have b15% croplandwithin the 32.2 km2

landscape (Fig. 2), highlighting once again the importance of large, intact
sagebrush landscapes to sage-grouse persistence. Conservation efforts to
prevent future conversion should focus on protecting landscapeswith lit-
tle or no existing cropland.

Several mechanisms could be responsible for the strong negative ef-
fect of cropland fragmentation on lek density. Populations in crop-
fragmented landscapes may be exposed to increased risk of nest preda-
tion or early brood failure due to altered predator abundance or their
foraging efficiency—a phenomenon well documented in ground-
nesting ducks (Greenwood et al., 1995, Phillips et al., 2003). Processes
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affecting the suitability of the breeding grounds more directly might in-
clude increased predation during lekking or while birds are concentrat-
ed near leks in spring. Avoidance of cropland may also play a role.
Behavioral studies suggest lek location is driven at least in part by
males positioning themselves to intercept females moving between
wintering and nesting ranges (Bradbury et al., 1989, Gibson, 1996b).
Therefore, disruption of female movements during this period may re-
duce probability of lek formation or increase lek abandonment in land-
scapes fragmented by cropland. GPS-tracked sage-grouse in northeast
Montana and southern Saskatchewan, which strongly avoided cropland
in their migration betweenwintering and breeding ranges, lend prelim-
inary support to this hypothesis (Smith, 2013).Mortality of sage-grouse
from exposure to organophosphate insecticides has been documented
(Blus et al., 1989) and may periodically contribute to reduced survival,
especially if grouse are attracted to field margins or alfalfa fields by
abundant insect food sources during or immediately after insecticide
application.

Without additional investment in conservation easements, our sim-
ulated cropland build-outs indicate around 5–7% of the population
could be lost in a worst-case scenario of a 50% increase in total cropland
area. Our conservation easement scenarios suggest, however, that most
potential losses can be prevented with a strategically-implemented US
$100 M investment. The benefit-loss-cost targeting method, which re-
duced potential losses by over 50%, selected parcels with moderately
high biological value and moderate probability of loss, while per-area
cost was below the study area average (mean of all privately owned
parcels: US $515.52 per hectare or US $208.58 per acre). Parcels selected
by the parcel+ landscape benefit-loss-cost targeting scheme, which re-
sulted in an 80% reduction in potential losses, had lower biological value
but higher risk compared to the parcel-only scheme, and slightly higher
cost. Parcels of particularly high biological value were not often selected
by either targeting scheme because biological value and risk were neg-
atively correlated (r=−0.13, p b 0.0001). This highlights that ignoring
risk could be highly detrimental, reducing efficiency by spending re-
sources protecting habitat at very low risk of conversion. Cost and risk
were weakly but significantly positively correlated (r = 0.17,
p b 0.0001), indicating that accounting for cost improved efficiency
(Newburn et al., 2005). Accounting for risk is of paramount importance
in this system, however, because risk was much more variable (coeffi-
cient of variation [CV] = 0.96) than cost (CV = 0.32) and was similarly
variable to biological value (CV = 1.0).

The recent mobilization of state and local governments, federal
agencies, and non-governmental organizations to implement proactive
conservation to prevent an ESA listing suggests the financial resources
necessary to implement an easement program on this scale are within
reach. For example, since 2005Wyoming has drawn from a permanent
trust established by the legislature to fund conservation easements, per-
manently protecting hundreds of thousands of hectares of sage-grouse
habitat at risk of development. Montana recently established a Sage
Grouse Stewardship Fund which made available US $10 M for habitat
protection and improvement projects on private lands over a two year
period (Executive Order No. 10-2014). USDA Natural Resources Conser-
vation Service's Sage Grouse Initiative has channeled NUS $200 M from
the conservation title of the Agriculture Act of 2014 (commonly known
as the Farm Bill) toward voluntary, incentive-based conservation for
sage-grouse, including a commitment to acquire ~24,300 ha (60,000
acres) in conservation easements in Montana, North Dakota, and
South Dakota by 2018 to prevent cropland conversion (USDA NRCS,
2015).

Because our envisioned easement program would likely take a de-
cade or more to implement even with recently increased levels of
funding and human capacity, the order with which properties are
placed under easement is an important aspect of the conservation strat-
egy. The conservation value of an easement depends on the intactness
of the surrounding landscape, and a group of geographically clustered
easements may more effectively conserve habitat than an equal area
in easements isolated by great distances. The better performance of
our parcel + landscape easement scenario (Fig. 3) illustrates this
point. We recommend a strategic approach among land trusts and
funding entities that conserves entire vulnerable landscapes rather
than scattered individual properties. Ultimately, while we strongly rec-
ommend a data-driven approach that uses biological value, risk, and
cost to prioritize parcels, easements are a voluntary conservation tool
that relies on landowner interest and relationships between communi-
ties and land trusts. Additionally, local practitioners may have access to
auxiliary information regarding conversion risk or cost of particular
properties. For example, areas where farming is a dominant feature of
local residents' cultures and economies may face higher risk of conver-
sion than predicted by biophysical factors. Successful implementation of
a science-based easement acquisition program such as the one we de-
scribe relies on the expertise of competent, locally-based conservation
practitioners (Neudecker et al., 2011).

We used a presence-only approach to model lek sighting rate as a
function of environmental covariates because this approach allowed
us to take advantage of the extensive available dataset of largely oppor-
tunistically-collected lek observations and incorporate information
about disturbance in areas formerly suitable for sage-grouse. A short-
coming common to all presence-only analyses is the inability to esti-
mate true occurrence rates (Aarts et al., 2012, Phillips and Elith, 2013).
Predicted sighting rates are, however, expected to be proportional to oc-
currence rates if covariates influencing occurrence do not also influence
detection (Phillips et al., 2009, Fithian andHastie, 2013). Our coefficient
estimates likely provide reliable inference about effects of cropland on
lek density, as cropland variables tested were not highly correlated
with other human features, such as distance to roads and urban areas,
potentially related to detection (all |r |b0.35). We caution, however,
against using our model to infer effects of anthropogenic disturbances
other than cropland, which are likely to be correlated with features af-
fecting detection; we instead point the reader to numerous studies fo-
cused specifically on these disturbances (e.g., Aldridge and Boyce,
2007, Walker et al., 2007, Doherty et al., 2008, Doherty et al., 2010,
Holloran et al., 2010, Naugle et al., 2011).

If sagebrush ecosystem conservation goals include private lands,
then the high economic utility of cropland conversion must be
counterbalanced by policies and programs that incentivize conservation
of non-market benefits provided by native sagebrush grazing lands. The
‘Sodsaver’ provision in the 2014 Farm Bill (Title XI), which sharply re-
duces crop insurance premium subsidies crops grown on previously un-
tilled land, may benefit sage-grouse by discouraging conversion in
locations that are marginal for cultivation but provide sage-grouse hab-
itat. In regions where sage-grouse habitat overlays more productive ar-
able land, however, greater incentives are needed to prevent future
habitat loss. Here, we have demonstrated that efficient allocation of
US $100M in conservation easements can provide substantial coverage
of sage-grouse habitat at risk of conversion.
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