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1 ABSTRACT 

The Western Association of Fish and Wildlife Agencies (WAFWA) has overseen an aerial 

survey of lesser prairie-chickens (Tympanuchus pallidicinctus, LEPC) since 2012, with the 

objective to estimate the range-wide population size. Approximately 250 – 300 grid cells (15 × 

15 kilometers [km]) were surveyed annually following a multiple-observer, distance-sampling 

protocol. Analyses to date used conventional distance-sampling methods to estimate 

abundance while accounting for variation in detectability due to distance from transect, group 

size, and five coarse habitat classes; but these previous analyses assumed LEPC abundance 

did not vary spatially within each of four ecoregional strata and could not provide insight into the 

relationship between environmental characteristics and LEPC abundance. Since the survey was 

designed, Geographic Information System (GIS) datasets have become readily available, 

describing environmental characteristics potentially related to LEPC abundance. We 

summarized these GIS datasets to describe the prevalence of vegetative landcover types, 

anthropogenic land uses, and conservation actions across the study area, and used these GIS-

based covariates as predictor variables in a regression model fit to abundance data.  

 

The estimated size of the range-wide population of LEPC from 2012 – 2018 ranged from a low 

in 2013 of 15,019 (90% Confidence Interval [CI] = 9,135 – 22,196) to a high in year 2018 of 

40,111 (90% CI = 24,095 – 60,608). The predicted abundance of LEPC varied dramatically 

across their range, with most birds predicted to occur in a relatively small area. In the year 2015, 

25% of LEPC were predicted to occur in only 4.82% of the study area. For each ecoregion, 

development-related covariates had either no discernable relationship or negative relationships 

with LEPC abundance. Vegetation-related covariates had mixed effects, with cropland and 

woodland landcover types having either no discernable relationship or negative relationships 

with LEPC abundance, and grassland and shrubland landcover types having either no 

discernable relationship or positive relationships with LEPC abundance. The amount of land 

enrolled in the Conservation Reserve Program (CRP) had either no discernable relationship or a 

positive relationship with LEPC abundance.  

 

The estimates of LEPC abundance from this spatially explicit analysis, and the precision of 

those estimates, were similar to those calculated previously using the conventional method of 

analysis; however, this analysis allowed for spatially explicit predictions of LEPC abundance at 

a finer spatial scale (15 × 15 km grid cells) than former analyses (broad ecoregions) and 

descriptions of the relationship between environmental characteristics and LEPC abundance. 

Although our analysis did not provide a rigorous assessment of the relationship between LEPC 

abundance and conservation actions other than CRP enrollment due to data limitations, we 

discuss options for extending the method to do so. 
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2 INTRODUCTION 

McDonald et al. (2014) and Nasman et al. (2018) reported on the results of a range-wide survey 

of lesser prairie-chicken (LEPC) in years 2012 – 2018 and population sizes estimated using a 

conventional method of analysis. These studies used a combination of two model-based 

methods to estimate the detectability of LEPC (multiple-covariate distance sampling [MCDS] 

and mark-recapture distance sampling [MRDS]) and simple design-based sampling method to 

extrapolate from the abundance of LEPC at sampled units to the abundance within the 

estimated occupied range (EOR) of the species as defined in 2011 (prior to the revised EOR 

defined in Van Pelt et al. 2013). Details concerning the sampling design and estimation methods 

are reported in McDonald et al. (2014) with updates on analysis methods in Nasman et al. 

(2018). We refer to this previously used approach as the “conventional” method. 

 

In this report, we estimated an animal density surface over the current EOR (the EOR+10 

defined in Van Pelt et al. 2013) which allowed density (or abundance) to be modeled as a 

function of spatially explicit covariates. We used a two-stage modeling approach where 

abundance is first estimated on surveyed grid cells as in the conventional method, then a 

regression model is used to relate estimated abundance to predictor covariates measured on 

the grid cells (Buckland et al. 2009, 2015). Total abundance for any given area can then be 

estimated using this model-based approach by summing predicted abundances across any 

specified geographic area (i.e., integrating under the animal density surface). We used covariate 

values that were mapped throughout the study area using GIS data. Abundance estimates 

relative to those covariates were then mapped, facilitating spatially explicit inference in 

abundance at finer spatial scales than the ecoregion or study area. We refer to the approach 

used in this report as the “spatially explicit” method. 

 

Our research objectives were as follows: 

 

1. Estimate the range-wide abundance of LEPC from 2012 – 2018 

2. Map the spatial distribution of LEPC abundance range-wide from 2012 – 2018 

3. Describe the relationship between LEPC abundance and important environmental 

covariates 

4. Controlling for other covariates, describe the relationship between LEPC abundance and 

conservation actions undertaken for LEPC 

5. Compare the conventional and spatially explicit methods of analysis 

3 METHODS 

3.1 Study Area and Sampling Design 

The study was conducted in portions of five states in the southern Great Plains, US (Kansas, 

Colorado, Oklahoma, Texas, and New Mexico), covering nearly all of the known current range 

of LEPC (Figure 1; Van Pelt et al. 2013). The dominant vegetation, geomorphology, climatic 
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conditions, and potential anthropogenic threats to LEPC vary across their range (Van Pelt et al. 

2013). To tailor conservation efforts to these geographic variations, the range was divided into 

four ecologically distinct ecoregions (Figure 1; Van Pelt et al. 2013, McDonald 2014): 

1) Shinnery Oak Prairie Ecoregion (SOPR) in portions of northwestern Texas and eastern New 

Mexico; 2) Sand Sagebrush Prairie Ecoregion (SSPR) in portions of southeastern Colorado, 

southwestern Kansas, and the northwestern Oklahoma panhandle; 3) Mixed-Grass Prairie 

Ecoregion (MGPR) in portions of southern Kansas, western Oklahoma, and the northeastern 

Texas panhandle; and 4) Short-Grass/Conservation Reserve Program (CRP) Mosaic Ecoregion 

(SGPR) in northwestern Kansas. These four ecoregions were used as strata in the design of the 

range-wide survey overseen by WAFWA and reported previously (McDonald et al. 2014, 

Nasman et al. 2018). 

 

A sampling frame was initially defined to cover the suspected occupied range of LEPC in 2011 

and adjacent areas thought to have a high probably of lek occurrence (Figure 1; McDonald et al. 

2014). Sample units within the frame were delineated by overlaying a regular grid of cells, each 

15 × 15 km square, and a spatially balanced sample of grid cells was selected annually within 

each ecoregional stratum (McDonald et al. 2014). The estimated occupied range of LEPC was 

subsequently refined (Van Pelt et al. 2013), and polygons were delineated to encompass this 

estimated occupied range plus a 10-mile buffer to account for some uncertainty in the species’ 

distribution (EOR+10; Van Pelt et al. 2013). Conservation planning and action for the species is 

currently focused within the EOR+10 area (Van Pelt et al. 2013). The sample frame, excluding 

grid cells outside the EOR+10, included 477 grid cells (107,325 square kilometers). Nearly all of 

the grid cells in the initial sampling frame (477/547 grid cells) were within the EOR+10. We 

included survey data from grid cells outside the EOR+10 when fitting detection functions, 

leveraging these additional data to increase the robustness of the detection functions. However, 

we excluded all data outside the EOR+10 when fitting the abundance models and did not 

include these grid cells in our estimates of LEPC population size. 
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Figure 1. The sample frame of 15 x 15-kilometer grid cells relative to the estimated occupied range 

(plus a 16 kilometer [10 mile] buffer; EOR+10) of lesser prairie-chickens, southern Great 
Plains, US, 2012–2018. Colors indicate ecoregional strata for modeling. Each 15 x 15-
kilometer grid cell was a sample unit. Sample units in the original sampling frame that are 
now outside the EOR+10 (the SGPR and MGPR ecoregions only) are shown in faint dashed 
lines.  
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3.2 Data Collection 

3.2.1 Field Surveys 

Within each selected grid cell, two north-south oriented transects were randomly placed, each 

15-km long. Surveys were conducted by three observers within a helicopter, flying the selected 

transects during March, April, or May of each year. LEPC within a 600-meter wide strip 

(300 meters on either side of the transect) were counted using an aerial line transect survey 

methodology detailed previously (McDonald et al. 2014). The distributions of LEPC and greater 

prairie-chicken (GRPC, Tympanuchus cupido) overlap in the SGPR region of northwest Kansas. 

Because LEPC cannot be reliably distinguished from GRPC in surveys conducted by helicopter, 

the species composition associated with an area was determined through subsequent visit and 

survey of the area on foot, or through spatial interpolation of lek survey data (McDonald et al. 

2014). 

3.2.2 Covariate Development 

We identified 14 covariates that we hypothesized would correlate with LEPC abundance 

(Table 1). Covariates described anthropogenic development, composition of the vegetation 

community, conservation actions, and the survey year (intended to be a surrogate for 

interannual variation in climatic or other broad-scale conditions). Covariates were derived from 

GIS data sources and summarized at the scale of the grid cell (15 x 15 km). The values of all 

covariates except Year were lagged one year, meaning the abundance of LEPC during the 

survey in early-spring 2015 would be modeled as a function of environmental conditions during 

the calendar year 2014. Covariate values were allowed to vary in time, meaning the annual 

changes in environmental conditions at grid cells were represented to the extent that annually 

updated or time-stamped data were available. 

 

Table 1. Descriptions and sources of covariates used to predict the abundance of lesser prairie-
chickens from the range-wide monitoring program, 2012–2018. The abbreviated name is 
used to identify variables within model formulas. Covariates denoted with an asterisk (*) 
were included in the post-hoc analysis, but not the model-selection process. 

Group Covariate 
Abbreviated 
Name Description Source

A
 

Annual Year Year 
Year (categorical factor) the survey was 
conducted. N/A 

Development 
Development 
landcover Development 

Percentage of area with anthropogenic 
development. Includes low, medium, and 
high intensity development categories. NLCD 

Development 
Oil-gas well 
density Well 

Density of active oil or gas wells 
(wells/square kilometer [km

2
]). IHS  

Development 
Primary road 
density  Road Density of primary roads (km/km

2
). WAFWA 

Development 
Transmission 
line density  Transmission 

Density of electrical transmission lines 
(km/km

2
). PLATTS 

Development 
Vertical 
structures Vertical 

Density of vertical structures 
(structures/km

2
) >45.7 meters (150 feet) tall. FAA 

Vegetation 
Cropland 
landcover Cropland 

Percentage of area used for production of 
annual or woody perennial crops or in active 
tilling. NLCD 
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Table 1. Descriptions and sources of covariates used to predict the abundance of lesser prairie-
chickens from the range-wide monitoring program, 2012–2018. The abbreviated name is 
used to identify variables within model formulas. Covariates denoted with an asterisk (*) 
were included in the post-hoc analysis, but not the model-selection process. 

Group Covariate 
Abbreviated 
Name Description Source

A
 

Vegetation 
Grassland 
landcover Grass 

Percentage of area dominated by 
gramanoid or herbaceous vegetation not 
subject to intensive management such as 
tilling. NLCD 

Vegetation 
Shrubland 
landcover Shrub 

Percentage of area dominated by shrubs, 
including trees <5 meters tall. NLCD 

Vegetation 
Woodland 
landcover Woodland 

Percentage of area with tree canopy cover 
>1%. NRCS 

Conservation 
CRP-enrolled 
land CRP 

Percentage of area enrolled in the 
Conservation Reserve Program  USDA 

Conservation 

Upland 
habitat 
management Upland* 

Percentage of area enrolled in upland-
habitat management practices. LPCI 

Conservation 

Prescribed 
grazing 
landcover Grazing* 

Percentage of area enrolled in prescribed 
grazing practices. LPCI 

Conservation 

Conservation 
agreement 
landcover Agreement* 

Percentage of area enrolled in conservation 
agreements administered by WAFWA. WAFWA 

A
Sources: 

FAA = Federal Aviation Administration (https://www.faa.gov/air_traffic/flight_info/aeronav/digital_products/dof/) 

IHS = IHS Markit (https://ihsmarkit.com/products/us-oil-gas-spatial-layers.html) 

LPCI = Lesser Prairie Chicken Initiative (unpublished data) 

NLCD = US Geological Survey National Land Cover Database (Homer et al. 2015; as modified by WAFWA LPC 
Geodatabase, unpublished data) 

NRCS = Natural Resources Conservation Service 
(https://www.nrcs.usda.gov/wps/portal/nrcs/site/national/home/) 

PLATTS = S&G Global Platts (https://www.platts.com/products/gis-data-electric-power) 

USDA = US Department of Agriculture 2014 

WAFWA = Western Association of Fish and Wildlife Agencies (WAFWA Lesser Prairie-Chicken Geodatabase, 
unpublished data) 

3.3 Statistical Analysis 

The number of LEPC counted at a site is the result of two processes: an ecological process that 

yields the latent abundance state (latent because it is incompletely observed due to detection 

error; Kéry and Schaub 2012) and an observation process that yields our observed counts 

based on the latent state and some probability of detection less than 1.0 (Kéry and 

Schaub 2012). This hierarchical view of distance-sampling data is relatively new, and two 

general statistical approaches allow both processes (or levels of the hierarchy) to be modeled 

as a function of covariates: the two-stage approach (Buckland et al. 2009, 2015) that models the 

two processes separately, and the newer hierarchical approach (Royle et al. 2004, Sillett et 

al. 2012, Kéry and Royle 2016) that models them jointly. We used the two-stage approach in 

this analysis (Figure 2). The first stage is concerned with estimating the detection probability in 

relation to covariates and generating the conventional estimate of abundance (density) of LEPC 
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on sampled grid cells (Figure 2). The second stage focuses on modeling those estimated 

abundances in relation to covariates (Figure 2). 

 

 
Figure 2. A schematic of the workflow for both stages of the statistical analysis. Black circles 

represent inputs (datasets), grey rectangles represent analytical methods, and yellow 
hexagons represent outputs (results). Blue and red shading identify steps in each stage of 
the two-stage approach to modeling abundance using distance sampling data. 

3.3.1 Stage 1: Detection Modeling 

Distance sampling is a common statistical method for estimating the abundance of animals 

while accounting for the imperfect ability of observers to detect all animals in field settings 

(Buckland et al. 2001). We used a combination of two model-based distance-sampling methods 

to estimate the detectability of prairie-chickens: MCDS (Marques and Buckland 2003, Buckland 

et al. 2015) and MRDS (Borchers et al. 2006, Burt et al. 2014, Buckland et al. 2015). Given the 

estimates of detectability produced by these model-based methods, we used a simple Horvitz-

Thompson-like design-based method to estimate abundance in the 15 x 15-km grid cell from the 

observed count at surveyed transect strips (Horvitz and Thompson 1952, Buckland et al. 2015). 

See McDonald et al. (2014) and Nasman et al. (2018) for methodological details. 

3.3.2 Stage 2: Abundance Modeling 

3.3.2.1 The Regression Model for Abundance 

Once grid-cell-level estimates of LEPC abundance were calculated, we fit a zero-inflated 

Negative Binomial regression (ZINB) model and obtained parameter estimates using maximum 
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likelihood methods implemented in the pscl package (Zeileis et al. 2008) in Program R (R Core 

Team 2018). Negative Binomial regression models require the response variable to be an 

integer, so we rounded the response variable (estimated abundance of LEPC) to the nearest 

integer prior to model fitting. The ZINB model can be viewed as two coupled generalized linear 

models, a logistic (Bernoulli) regression describing the suitability of a site, and a Negative 

Binomial regression describing the variation of counts among suitable sites (extending the zero-

inflated Poisson model described in Kéry 2010). Abundance (𝑁) at site 𝑖 is modeled as 

 

𝑤𝑖  ~ 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝜓𝑖) 

𝑁𝑖  ~ 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐵𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑤𝑖𝜆𝑖 , 𝜃), 

 

where 𝑤𝑖𝜆𝑖 is the expected mean of 𝑁𝑖 and 𝑤𝑖𝜆𝑖 + (𝑤𝑖𝜆𝑖)2/𝜃 is the variance. We note that the 

Negative Binomial distribution can be viewed as a compound Gamma-Poisson distribution (see 

notation in Carlisle et al. 2017) where the Gamma component (𝜖𝑖) has mean = 1 and acts on the 

Poisson component’s mean; thus the abundance portion of the model could be written as:  

 

𝑁𝑖  ~ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝑤𝑖𝜆𝑖𝜖𝑖), 𝜖𝑖|𝜃~𝐺𝑎𝑚𝑚𝑎(𝜃, 𝜃). 

 

We assumed 𝜃 (the overdispersion parameter to account for extra-Poisson variation in 

abundance among sites) was constant, and we modeled each of the parameters of interest (𝜓𝑖 

= probability of suitability, 𝜆𝑖 = expected mean abundance given suitability) as a function of 

covariates on the scale of their respective links (logistic and log): 

 

log (
𝜓𝑖

1 − 𝜓𝑖
) =  𝛼0 + ∑ 𝛼𝑣𝑥𝑣,𝑖

𝑉

𝑣=1

 

log(𝜆𝑖) =  𝛽0 + ∑ 𝛽𝑣𝑥𝑣,𝑖 .

𝑉

𝑣=1

 

 

Previous analyses of these data have shown that LEPC abundance varies from year-to-year in 

an apparently non-linear pattern. We incorporated Year as a categorical predictor variable, 

allowing abundance to differ from year-to-year with no implied trend over time. We included 

Year as a fixed effect in our models, largely because we were interested in describing the 

abundance from year-to-year without the shrinkage induced by assuming year was a Normally 

distributed random effect (Gelman 2005, Kéry and Royle 2016) and because software was 

readily available to fit fixed-effects models with little computational time required. 

 

3.3.2.2 Defining Candidate Model Sets 

Although we used an information-theoretic framework for our analysis (Burnham and Anderson 

2002), our modeling approach was admittedly exploratory (Shmueli 2010). We developed a 

different set of candidate models to run in each ecoregion. Modeling ecoregional subsets of the 

data allowed the identification and description of habitat-abundance relationships that we 

expected would vary drastically across the LEPC range. However, fitting ZINB models to these 

smaller ecoregion-specific datasets required stringent screening criteria to alleviate model 
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instability and spurious results due to over-parameterization given the relatively smaller 

amounts of data available to the model in some ecoregions. In particular, the relatively small 

number of LEPC detections in three of the four ecoregions with relatively lower abundance of 

LEPC required special attention (Table 2). 

 

Table 2. Model definition and selection details for zero-inflated Negative Binomial regression 
models used to predict the abundance of lesser prairie-chickens from the range-wide 
monitoring program, 2012–2018. Includes details on the numbers of covariates considered 
and numbers of models run for each portion of the analysis for each ecoregion. Ecoregion 
acronyms are defined in Figure 1. 

Ecoregion 

Maximum Number of 
Covariates in each 

Submodel
A
 

Include 
Quadratic 
Terms? 

Unique Models 
for each 

Submodel
B
 

Models in 
Final Model 

Set
C
 

Unique 
Covariates in 
Final Model 

Set
D
 

SOPR 2 No 11 3 4 
SSPR 2 No 10 100 10 
MGPR 2 No 11 22 11 
SGPR 3 Yes 43 30 9 
A
The zero-inflated Negative Binomial model has two submodels (the logistic and Negative Binomial generalized linear 

models). The maximum number of covariates includes the Year variable, which was fixed into each submodel for all 

models. 
B
Ecoregions with the same maximum number of covariates in each submodel can have different numbers of unique 

models for each submodel because not all covariates were considered in each ecoregion due to high pairwise 

correlation, not all covariates were represented in each region, etc.  
C
The final model set includes all combinations of plausible submodels. We considered a submodel to be plausible if it 

had AICc weight greater than 0.02 or a likelihood value exceeding the minimum value of the likelihood among 

submodels with AICc weight greater than 0.02 (Bromaghin et al. 2013,). 
D
Including the Year variable. 

 

Initial investigations indicated that allowing up to six covariates (including Year) in each 

submodel of the ZINB resulted in overfitting the sample data or produced models with unstable 

estimates of coefficients and covariate effects. We first excluded any model that had two terms 

with moderate-to-high levels of pairwise correlation (|𝑃𝑒𝑎𝑟𝑠𝑜𝑛 𝜌| > 0.55). We limited the number 

of covariates we considered in each submodel, depending on the ecoregion. 

 

3.3.2.3 Model Selection and Prediction 

Our objectives necessitated modeling the two submodels of the ZINB as functions of multiple 

predictor variables. We used the plausible-combinations approach to model selection 

(Bromaghin et al. 2013) to determine the most influential covariate drivers of LEPC abundance 

within each ecoregion, while limiting the number of models run (Table 2). We first selected 

plausible structures for each submodel (i.e., the count-process Negative Binomial [NB] 

submodel and the zero-process logistic submodel), while fixing the non-focal submodel to 

include only the Year covariate. A submodel is considered plausible if it has high weight and/or 

high likelihood (Bromaghin et al. 2013). We defined high-weight submodels as those with a 

value of the second-order variant of Akaike’s Information Criterion (AICc) weight greater than 

0.02 and high-likelihood submodels as those with a likelihood value exceeding the minimum 

value of the likelihood among high-weight submodels (Bromaghin et al. 2013). We then fitted all 
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possible combinations of the plausible submodels for each ecoregion and ranked the resulting 

final model set using AICc (Burnham and Anderson 2002).  

 

We used multi-model inference methods to incorporate model-selection uncertainty into model-

based results (Burnham and Anderson 2002). We computed model-averaged predictions of 

LEPC abundance using all models within the final model set for each ecoregion, including 

models that did not contain the covariate of interest (Burnham and Anderson 2002). We 

illustrated the direction and magnitude of the effects of covariates by graphing the model-

averaged predicted abundance (with 90% CI) across the observed range of the covariate of 

interest within each ecoregion. For these univariate plots, we set the year to 2015 and the value 

of any other covariates in the model to their mean (see Table S1 in Appendix A for mean values 

of each covariate by ecoregion in 2015). 

 

When the response variable in the stage-2 regression model is an estimate (as it is here, the 

estimated grid-cell level abundance of LEPC after incorporating detection probability), the 

variance estimates are biased low unless they account for the uncertainty in the estimation of 

the response variable (Buckland et al. 2009, 2015). We implemented 1,000 iterations of a 

bootstrap to appropriately propagate uncertainty from stage 1 to stage 2 of the analysis 

(Figure 2). In each iteration of the bootstrap, we resampled the surveyed grid cells within each 

ecoregion and year with replacement (Manly 1997). We then refit the detection models to re-

estimate the grid-cell level LEPC abundance (the response variable in the ZINB model), then 

refit the ZINB models identified as plausible, re-running both stages of the original analysis 

(Figure 2). We calculated 90% CIs using the percentile method (Manly 1997). We calculated the 

coefficient of variation (CV) for the predicted abundance at each grid cell as a measure of the 

precision of the spatially explicit estimates. We calculated this grid-cell-wise CV separately for 

each year as the standard deviation of the bootstrap-generated abundance estimates divided by 

the estimated abundance from the observed sample data. 

 

3.3.2.4 Post-Hoc Assessment of Conservation Actions 

We initially included all covariates related to conservation action (Table 2) in the model selection 

process; however, it became evident that the inclusion of upland habitat management, 

prescribed grazing landcover, and conservation agreement landcover was often leading to 

overfitting and spurious results. In contrast, CRP-enrolled land did not appear to cause 

overfitting and was included the model selection process. At the scale of an ecoregion, upland 

habitat management, prescribed grazing landcover, and conservation agreement landcover 

were patchily distributed, with most grid cells having little-to-no conservation action taken, but 

with several grid cells with large amounts of conservation action taken. Although regression 

models have no implicit assumptions about the distribution of predictor variable data, these 

sorts of highly skewed distributions of covariate values often lead to unreliable inference (Gotelli 

and Ellison 2004, Zuur et al. 2009). However, since assessing the potential relationship 

between LEPC abundance and these conservation-related covariates was an objective of 

primary interest, we used a post-hoc approach to still include these covariates in the analysis. 
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After identifying the final model set for each ecoregion, we added each of the three 

conservation-relation covariates (excluding CRP-enrolled land) separately to each submodel of 

the top-ranked model for the ecoregion. Thus, while controlling for the effect of the most 

predictive environmental covariates for the ecoregion, we assessed the size and directionality of 

the added effect of the conservation action to both habitat suitability (the logistic regression 

submodel) and abundance given suitability (the NB regression submodel).  

 

With four ecoregions, three covariates of interest, and two submodels, this post-hoc assessment 

included 24 unique hypothesis tests. Conducting a large number of hypothesis tests raises a 

potential multiple testing problem, which increases the likelihood of a Type I statistical error 

(rejecting the null hypothesis when it is true; Gotelli and Ellison 2004). The Bonferroni correction 

is a common way to account for multiple testing (Gotelli and Ellison 2004); although some argue 

the Bonferroni correction is excessively conservative (resulting in a higher likelihood of Type II 

statistical errors [failing to reject the null when it is false]; Gotelli and Ellison 2004). The 

Bonferroni correction of an α level of 0.10 for 24 tests results in an adjusted α level of 0.0042. 

We examined the point estimate and a Bonferroni-corrected 90% CI (equating to a 99.58% CI) 

to assess the relationship between each conservation action and LEPC abundance for each 

ecoregion and submodel. We note that this post-hoc approach ignores model-selection 

uncertainty by basing inference on the top-ranked model instead of the model set and ignores 

uncertainty from the stage-1 estimates of LEPC abundance by not conducting the two-stage 

bootstrap. 

4 RESULTS 

We surveyed 382 unique grid cells within the EOR+10 over the seven years of the study, for a 

total of 1,783 total surveys of grid cells. We surveyed 141 grid cells in all seven years, 112 grid 

cells between four and six years, and 129 grid cells between one and three years. LEPC were 

observed during 20.0% (n = 356) of the 1,783 total surveys of grid cells.  

4.1 Population Size and Trend 

Based on the spatially explicit method of analysis, the estimated size of the range-wide 

population of LEPC from 2012 – 2018 ranged from lowest in 2013 at 15,019 (90% CI = 9,135 – 

22,196) to highest in year 2018 at 40,111 (90% CI = 24,095 – 60,608; Figure 3, Table S2). The 

ratio of these point estimates suggests the range-wide population size at its height was 2.67 

times greater than at its lowest. We note that our sample frame does not cover the entirety of 

the EOR+10 (Figure 1), thus we use the term “range-wide” abundance in the sense that it 

includes all four ecoregions, not that it encompasses the entirety of the species’ range. As 

noted, our abundance estimates did not include areas in the original sampling frame in the 

SGPR and MGPR ecoregions that were outside the EOR+10 polygon (Figure 1). The most 

recent estimates using the conventional method (Nasman et al. 2018) included the SGPR cells 

outside the EOR+10 polygon and excluded two more MGPR cells than we did (the two MGPR 

cells in question intersect the EOR+10 boundary, Figure 1; Figure 1 in Nasman et al. 2018). 

Therefore, some of the difference between spatially explicit and conventional estimates of 

population size may be attributable to these slight differences in the area to which the 
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abundance estimates correspond. However, in spite of these slight differences, the estimates of 

abundance and their precision were quite similar between the methods. 

 

 
Figure 3. The estimated abundance of lesser prairie-chickens from 2012 – 2018 across their range 

in the southern Great Plains, US. We note that our sample frame does not cover the 
entirety of the estimated occupied range (EOR+10; Figure 1), so we use the term “range-
wide” abundance in the sense that it includes all four ecoregions, not that it encompasses 
the entirety of the species’ range. The “Spatially Explicit” estimates are those estimated in 
this report, and the “Conventional” estimates are those presented in Nasman et al. (2018). 
Some of the difference between the spatially explicit and conventional estimates of 
population size may be attributable to slight differences in the area to which the 
abundance estimates correspond. 

4.1.1 Shinnery Oak Prairie (SOPR) 

Based on the spatially explicit method of analysis, the estimated abundance of LEPC in the 

SOPR ecoregion ranged from lowest in 2015 at 1,103 (90% CI = 301 – 2,275) to highest in year 

2018 at 5,900 (90% CI = 2,091 – 13,060), with a median abundance of 2,541 (second-lowest of 

the four ecoregions; Figure 4, Table S2). The maximum abundance estimate was 5.35 times 

greater than the minimum abundance estimate, and the CV of abundance estimates across 

years was 0.57 (highest of the four ecoregions). 
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Figure 4. The estimated abundance of lesser prairie-chickens from 2012 – 2018 in each of the four 

ecoregions (Figure 1) that define their range in the southern Great Plains, US. The 
“Spatially Explicit” estimates are those estimated in this report, and the “Conventional” 
estimates are those presented in Nasman et al. (2018). Note that the y-axis scale differs for 
each ecoregional panel. For the Mixed Grass Prairie and Shortgrass/CRP Mosaic 
ecoregions, some of the difference between the spatially explicit and conventional 
estimates of population size may be attributable to slight differences in the area to which 
the abundance estimates correspond. 

4.1.2 Sand Sagebrush Prairie (SSPR) 

Based on the spatially explicit method of analysis, the estimated abundance of LEPC in the 

SSPR ecoregion ranged from lowest in 2014 at 424 (90% CI = 0 – 1,077) to highest in year 

2018 at 2,811 (90% CI = 1,123 – 4,417), with a median abundance of 1,531 (lowest of the four 

ecoregions; Figure 4, Table S2). The maximum abundance estimate was 6.63 times greater 

than the minimum abundance estimate, and the CV of abundance estimates across years was 

0.53 (second-highest of the four ecoregions). 

4.1.3 Mixed Grass Prairie (MGPR) 

Based on the spatially explicit method of analysis, the estimated abundance of LEPC in the 

MGPR ecoregion ranged from lowest in 2013 at 3,611 (90% CI = 1,184 – 6,292) to highest the 

preceding year in 2012 at 8,885 (90% CI = 3,375 – 14,593), with a median abundance of 6,650 

(second-highest of the four ecoregions; Figure 4, Table S2). The maximum abundance estimate 
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was 2.46 times greater than the minimum abundance estimate, and the CV of abundance 

estimates across years was 0.26 (lowest of the four ecoregions). 

4.1.4 Shortgrass/CRP Mosaic (SGPR) 

Based on the spatially explicit method of analysis, the estimated abundance of LEPC in the 

SGPR ecoregion ranged from lowest in 2013 at 7,582 (90% CI = 3,486 – 13,746) to highest in 

year 2018 at 24,749 (90% CI = 13,004 – 41,228), with a median abundance of 14,508 (highest 

of the four ecoregions; Figure 4, Table S2). The maximum abundance estimate was 3.26 times 

greater than the minimum abundance estimate, and the CV of abundance estimates across 

years was 0.36 (second-lowest of the four ecoregions). 

4.2 Spatial Distribution of LEPC Abundance 

The predicted abundance of LEPC varied dramatically across their range based on the spatially 

explicit method of analysis, with most of the birds predicted to occur in a relatively small area 

(Figure 5). For example, in the year 2015, 25% of LEPC were predicted to occur in only 4.82% 

of the geographic area within the sample frame. 50% of LEPC were predicted to occur in 

15.93% of the area, and 75% of LEPC were predicted to occur in 32.91% of the area (Figure 5). 

The median CV of the grid-cell-wise abundance predictions in the year 2015 was 0.58 (range = 

0.26 – 3,355.89; Figure 6). 

 

Because interannual changes in abundance were not consistent across ecoregions (Figure 4), 

the relative proportion of the range-wide population that was found in each ecoregion varied 

from year to year (see Figures S1 – S7 for the full series of seven maps of the predicted 

abundance of LEPC from 2012 – 2018). However, because year was an additive term in our 

analysis, the spatial hotspots of abundance within each ecoregion were assumed to be in the 

same portions of each ecoregion from year to year (Figures S1 – S7).  
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Figure 5. The predicted abundance of lesser prairie-chickens in 2015 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. 
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Figure 6. The coefficient of variation (a measure of variability in the estimate across bootstrap 
replicates) for the predicted abundance of lesser prairie-chickens in 2015 across their 
range in the southern Great Plains, US. 
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4.3 Relationship between Abundance and Environmental Covariates 

4.3.1 Shinnery Oak Prairie (SOPR) 

The final model set for the SOPR ecoregion included three models and four unique covariates: 

Cropland, CRP, Shrubland, and Year (Table S3). Based on the model-averaged predictions 

over all models in the final set, we estimated a positive relationship between shrubland 

landcover and abundance (Figure 7). There was no discernable directionality to the covariate-

abundance relationship in the model-averaged results for cropland landcover or CRP-enrolled 

lands. Estimated abundance varied slightly less across years than it did across the range of 

shrubland landcover. 

 

 
Figure 7. The estimated abundance of lesser prairie-chickens in the Shinnery Oak Prairie 

ecoregion by the shrubland landcover. The solid lines are model-averaged estimates of 
abundance at the mean values of other covariates in the model, and the dashed lines are 
bootstrap-generated 90% confidence intervals. 

 

4.3.2 Sand Sagebrush Prairie (SSPR) 

The final model set for the SSPR ecoregion included 100 models and 10 unique covariates: 

Cropland, CRP, Development, Grassland, Road, Shrubland, Transmission, Vertical, Well, and 

Year (Table S4). Based on the model-averaged predictions over all models in the final set, we 

estimated weakly positive relationships with abundance for grassland landcover and shrubland 

landcover (Figure 8) and weakly negative relationships with abundance for cropland landcover, 

developed landcover, and well density (Figure 8). There was no discernable directionality to the 

covariate-abundance relationship in the model-averaged results for the remaining covariates. 

Estimated abundance varied more across years than it did across the range of the GIS-based 

covariates. 
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Figure 8. The estimated abundance of lesser prairie-chickens in the Sand Sagebrush Prairie 
ecoregion by the cropland landcover (top-left panel), developed landcover (top-right 
panel), grassland landcover (middle-left panel), shrubland landcover (middle-right panel), 
and oil/gas well density (bottom-left panel). The solid lines are model-averaged estimates 
of abundance at the mean values of other covariates in the model, and the dashed lines 
are bootstrap-generated 90% confidence intervals. 
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4.3.3 Mixed Grass Prairie (MGPR) 

The final model set for the MGPR ecoregion included 22 models and 11 unique covariates: 

Cropland, CRP, Development, Grassland, Road, Shrubland, Transmission, Vertical, Well, 

Woodland, and Year (Table S5). Based on the model-averaged predictions over all models in 

the final set, we estimated a negative relationship between woodland landcover and abundance, 

and weakly negative relationships with abundance for vertical structure density and well density 

(Figure 9). There was no discernable directionality to the covariate-abundance relationship in 

the model-averaged results for the remaining covariates. Estimated abundance varied slightly 

less across years than it did across the range of the GIS-based covariates. 

 

  

 

 

Figure 9. The estimated abundance of lesser prairie-chickens in the Mixed Grass Prairie ecoregion 
by the density of vertical structures (top-left panel), density of oil/gas wells (top-right 
panel), and woodland landcover (bottom-left panel). The solid lines are model-averaged 
estimates of abundance at the mean values of other covariates in the model, and the 
dashed lines are bootstrap-generated 90% confidence intervals. 
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4.3.4 Shortgrass/CRP Mosaic (SGPR) 

The final model set for the SGPR ecoregion included 30 models and nine unique covariates: 

Cropland, CRP, Development, Grassland, Road, Transmission, Vertical, Well, and Year 

(Table S6). Based on the model-averaged predictions over all models in the final set, we 

estimated a positive relationship between CRP-enrolled land and abundance, and a negative 

relationship between developed landcover and abundance (Figure 10). There was no 

discernable directionality to the covariate-abundance relationship in the model-averaged results 

for the remaining covariates. Estimated abundance varied slightly less across years than it did 

across the range of the GIS-based covariates. 

 

  
Figure 10. The estimated abundance of lesser prairie-chickens in the Shortgrass/CRP Mosaic 

ecoregion by the percentage of area enrolled in the Conservation Reserve Program (CRP; 
left panel) and developed landcover (right panel). The solid lines are model-averaged 
estimates of abundance at the mean values of other covariates in the model, and the 
dashed lines are bootstrap-generated 90% confidence intervals. 

4.4 Post-Hoc Assessment of Conservation Actions 

After controlling for other environmental covariates at the scale of the 15 x 15-km grid cell, we 

found little evidence of a discernable relationship between the three conservation actions that 

were excluded from the model-selection procedure (Upland, Grazing, and Agreement; see 

Table 1) and the grid-cell-level abundance of LEPC. Of the 24 tests conducted (three covariates 

x two submodels x four ecoregions), and based on a Bonferroni correction applied to the 90% 

CI, we estimated a negative relationship between abundance and the conservation action for 

five covariate-submodel-ecoregion combinations, a positive relationship for two combinations, 

and no relationship for the remaining 17 combinations (Table 3). We note that the confidence 

intervals were generally very wide, suggesting weak evidence of a discernable relationship 

between these conservation-related covariates and LEPC abundance in our data. 
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Table 3. The estimated direction of the relationship between three conservation-related 
covariates: upland habitat management (Upland), prescribed grazing landcover (Grazing), 
and conservation agreement landcover (Agreement) and the abundance of lesser prairie-
chickens as estimated in the top-ranked zero-inflated Negative Binomial regression model 
for each ecoregion from the range-wide monitoring program, 2012–2018.  

Covariate and 
Ecoregion 

Direction of Relationship 

Negative Binomial Submodel Logistic Submodel 

90% Confidence 
Interval 

Bonferroni 90% 
Confidence 

Interval 
90% Confidence 

Interval 

Bonferroni 90% 
Confidence 

Interval 

Upland     
SOPR . . – . 
SSPR  – . . . 
MGPR . . + . 
SGPR . . . . 

Grazing     
SOPR . . – . 
SSPR – . . . 
MGPR . . . . 
SGPR . . . . 

Agreement     
SOPR . . + . 
SSPR . . . . 
MGPR – . . . 
SGPR . . . . 

Key: 

Combinations for which the estimated coefficient was negative and the confidence interval did not overlap 0.00 are 
indicated with “–” and shaded red. 

Combinations for which the estimated coefficient was positive and the confidence interval did not overlap 0.00 are 
indicated with “+” and shaded blue. 

Combinations for which the confidence interval did overlap 0.00 are indicated with “.” and shaded dark grey. 

Bonferroni 90% confidence interval is the 90% confidence interval after applying the Bonferroni correction for 
multiple tests. 

5 DISCUSSION 

5.1 Comparison of Conventional and Spatially Explicit Methods 

The range-wide abundance of LEPC has been estimated annually since 2012 as part of 

ongoing efforts to monitor and conserve the species (McDonald et al. 2014, Nasman et 

al. 2018). Assuming that future analyses will be undertaken, we provide a brief comparison of 

the strengths and weaknesses of each analysis. Both the conventional method for analyzing 

these data (McDonald et al. 2014, Nasman et al. 2018) and the spatially explicit method (this 

report) provide annual abundance estimates at the range-wide and ecoregional scales 

(Table 4). The estimates of abundance were comparable between the methods (even with slight 

differences between methods in the area to which the abundance estimates correspond in the 

SGPR and MGPR ecoregions). We originally hypothesized that application of the spatially 

explicit method would yield more precision in the abundance estimates, evidenced by narrower 

confidence intervals. Contrary to our expectation, the precision of the estimates was 

comparable between the methods. 
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Table 4. Comparison of the features of the conventional (McDonald et al. 2014, Nasman et al. 
2018) and spatially explicit (this report) methods of abundance estimation applied to 
lesser prairie-chickens from 2012 – 2018 across their range in the southern Great Plains, 
US. 

Feature 
Conventional 

Method 

Spatially 
Explicit 
Method 

Abundance estimates at the range-wide scale Yes Yes 
Abundance estimates at the ecoregional scale Yes Yes 
Abundance estimates at the scale of the sample unit (15 x 15-
kilometer grid cell) for all units (those surveyed and not surveyed) No Yes 
Map of predicted abundance at the scale of the sample unit No Yes 
Can be used to predict abundance in sample units outside the 
original sample frame No 

Yes, with 
caution 

Identifies covariates most associated with abundance and describes 
these covariate relationships No Yes 
Requires maintaining/updating of covariate datasets over time No Yes 
Time required to conduct analysis Relatively less Relatively more 

 

 

The spatially explicit method has the added capability of estimating and mapping abundance at 

the scale of the sample unit (grid cell), including sample units that were not surveyed (Table 4). 

Moreover, the spatially explicit method could be used to predict the abundance of LEPC in 

areas not initially within the sampling frame, provided the covariate values at those sample units 

were known (Table 4). Such applications of the statistical models to areas outside the scope of 

the data used to fit the models should be approached with caution. Additionally, the 

identification of covariates most associated with abundance can be accomplished with the 

spatially explicit method, and their predicted relationships estimated (Table 4). The spatially 

explicit analysis method does require more time and resources to complete, as it includes nearly 

all steps in the conventional method, plus additional ones (Table 4; Figure 2). Moreover, GIS 

datasets of environmental covariates must be maintained and updated over time (Table 4). 

5.2 Population Size and Trend 

The range-wide population size has continued to edge upward since the record-setting drought 

in 2012 and the associated low point in the range-wide population in 2013, corroborating other 

range-wide analyses (Hagen et al. 2017, Nasman et al. 2018). We note that 2013 was the low 

point in the range-wide population largely because it was the low point for the two ecoregions 

with the most individuals, the SGPR and MGPR ecoregions. The two remaining ecoregions 

reached their low points in abundance later: 2014 for the SSPR ecoregion and 2015 for the 

SOPR ecoregion. 

 

The mapped CV of the abundance estimate revealed that the precision of the spatially explicit 

estimates was not uniform across the LEPC range; in particular, the standard deviation of the 

bootstrap-generated abundance estimates was quite large relative to the point estimate of 

abundance in some areas (Figure 6). Extremely low values of predicted abundance may be part 

of the explanation for these high CV values in some cells. Additionally, the precision in the 
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estimated relationship between abundance and a covariate is generally poorest at extreme 

values of that covariate. Therefore, grid cells with covariate values much higher or lower than 

most areas often have a relatively high CV for the estimated abundance in that grid cell. 

5.3 Relationship between Abundance and Environmental Covariates 

Development-related covariates had either no discernable relationship or negative relationships 

with LEPC abundance (Table 5). Vegetation-related covariates had mixed effects, with cropland 

and woodland landcover types having either no discernable relationship or negative 

relationships with LEPC abundance (Table 5), and grassland and shrubland landcover types 

having either no discernable relationship or positive relationships with LEPC abundance 

(Table 5). CRP-enrolled land had either no discernable relationship or a positive relationship 

with LEPC abundance (Table 5). 

 

Table 5. The estimated direction of the relationship (positive, negative, or no discernable 
relationship) between environmental covariates and the abundance of lesser prairie-
chickens as estimated by model averaging zero-inflated Negative Binomial regression 
models for each ecoregion from the range-wide monitoring program, 2012–2018. Excludes 
Year, which was a factor-level covariate. Ecoregion acronyms are defined in Figure 1. 

Group Covariate 

Direction of Relationship 

SOPR SSPR MGPR SGPR 

Development Development landcover  –  – 
Development Oil-gas well density  – –  
Development Primary road density      
Development Transmission line density      
Development Vertical structures   –  
Vegetation Cropland landcover  –   
Vegetation Grassland landcover  +   
Vegetation Shrubland landcover + +   
Vegetation Woodland landcover   –  
Conservation Conservation Reserve Program-enrolled land    + 

 

5.4 Post-Hoc Assessment of Conservation Actions 

Understanding explicit causal relationships is imperative to successful wildlife management, but 

such causal inference is best achieved through manipulative experiments (e.g., before-after-

control-impact [BACI] study designs), or potentially inferred from multiple observational studies 

with corroborating results (Johnson 2002). Conservation actions had been implemented on 

relatively few grid cells, and this extreme right-skew in the distribution of these covariates 

resulted in instability in regression models that included these covariates. This instability was 

likely compounded by the extreme right-skew also present in the response variable – LEPC 

abundance. As such, our post-hoc attempt to assess the effect of conservation actions resulted 

in relatively weak inference. 
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5.5 Potential Next Steps 

5.5.1 Modifying the Scale of Analysis 

Habitat relationships are scale dependent, and fine-scale habitat preferences are not always 

manifested in analyses at broader spatial scales (Wiens 1989, Chalfoun and Martin 2007). Our 

analysis and results are based on the spatial scale of a 15 x 15-km grid cell. Fifteen km is a 

relatively large distance relative to the range of seasonal movements reported for LEPC 

(summarized in Hagen and Giesen 2005). Both the LEPC count and GIS covariate datasets 

used here could conceivably be summarized at finer spatial resolutions, and an analysis 

conducted at a finer spatial scale would likely yield additional insight into abundance-habitat 

relationships of LEPC across their range. These survey data have previously been summarized 

at the spatial scale of a 7.5 x 7.5-km grid cell quadrant for occupancy analysis (Hagen et al. 

2016), and an abundance analysis that defines the unit of analysis at that same scale may be a 

reasonable alternative to the current design. Dividing the current data into smaller spatial units 

of analysis would result in a larger proportion of units with no observed LEPC, thus creating a 

greater degree of zero inflation in the model. 

5.5.2 Applying the Model to Novel Areas 

As noted, the sample frame of grid cells used in this analysis was made to cover the suspected 

occupied range of LEPC in 2011 and adjacent areas thought to have a high probably of lek 

occurrence (Figure 1; McDonald et al. 2014). LEPC have since been found outside that area, 

and the EOR+10 polygon includes areas in all ecoregions that are outside our sampling frame. 

Any LEPC outside our sampling frame (i.e., any outside the colored grid cells shown in Figure 1) 

are not included in our estimates of population size. Because the covariate values are known in 

the portions of the EOR+10 polygon outside our sample frame, the models developed here 

could be used to predict the abundance of LEPC in those areas. Such an application of the 

models to novel areas assumes that the abundance-covariate relationships in that area are the 

same as those within the sampling frame. 

5.5.3 Assessing the Effect of Conservation Actions 

A BACI study (Stewart-Oaten et al. 1986) is often the gold standard for assessing the effect of 

conservation actions in field settings (Johnson 2002). Such a design typically entails monitoring 

a set of sample units before and after a conservation action is applied; and ideally, the decision 

of which sample units receive the action would be based on random assignment. Stakeholder 

support for random assignment of LEPC conservation action may be difficult to obtain, and 

designing a new broad-scale field experiment based on random assignment may be prohibitive. 

We outline two ways the current dataset could be analyzed assuming a BACI-style design, and 

emphasize that both may necessitate untenable assumptions about how the location of 

conservation actions were selected. Before outlining BACI-style analytical approaches, we note 

a distinction between how we attempted to analyze the conservation action data in this report, 

and how it might be assessed with a BACI-style design. The BACI design condenses sample 

units into just two strata (typically “control” and “impact”). Because the amount of the grid cell 

that received a given conservation action was variable in our dataset, and because we 

hypothesized the amount of conservation action applied would affect the LEPC response, we 
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treated conservation actions as a continuous variables in this report and sought to assess the 

relationship between the amount of conservation action and the abundance of LEPC. Treating 

the conservation action variables as we did (as continuous rather than binary) may increase the 

power to detect the effect of conservation actions (Ellis and Schneider 1997); however, it may 

be advisable to simply classify grid cells as either conservation-action sites or reference sites. A 

binary classification may alleviate some of the instability we observed due to the extreme right-

skew in the amount of several conservation actions applied to grid cells (i.e., upland habitat 

management, prescribed grazing landcover, and conservation agreement landcover; Table 1). 

 

A natural choice among BACI-style analytical approaches might be to test whether the 

population trend at grid cells that have received conservation action differs from those that have 

not. This might more-accurately be called a Control-Impact design, since the data are not 

divided into before-impact and after-impact time periods. This analysis would be accomplished 

by including an interaction term in the ZINB model between two covariates: a categorical 

variable that has two groups (conservation action sites and reference sites) and a continuous 

variable of year. If the conservation action had a positive effect on abundance, the slope for the 

“conservation action sites” group would be more steeply positive than the slope for the 

“reference sites” group (Figure 11). If the conservation actions were not randomly assigned; 

however, the same pattern (Figure 11) would be observed even if the conservation action had 

no effect on abundance, if the sites where the conservation actions were applied already had a 

higher population growth rate regardless of any actions taken. Such an analysis would be 

further complicated because trends in LEPC abundance appear to be non-linear and spatially 

variable (Figure 4). 

 

 
Figure 11. Hypothetical comparison of population trends across years between sites where 

conservation actions have been applied and sites where no actions have been taken 
(reference). 

 

The hypothetical analysis just discussed has the drawback of ignoring the before-after pairing in 

the data that typically increases the statistical power of a BACI-style analysis. If the data were 

divided into the before-action period and after-action period for each site, an interaction term in 

the ZINB model could again be used to test for an effect of the conservation action. The 
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interaction term would be between a categorical variable that has two groups (conservation 

action sites and reference sites) and another categorical variable that has two groups (the 

before-action period and after-action period). If the conservation actions had a positive effect on 

abundance, the slope (i.e., the difference between the before- and after-action time periods) for 

the “conservation action sites” group would be more steeply positive than the slope for the 

“reference sites” group (Figure 12). However, as with the previous analysis, such inference 

would assume that the difference in slope is due to the conservation action, not due to any 

inherent differences in the population growth rate between sites. Again, this assumption is 

typically addressed by random assignment of sites to the treatment groups. This analysis would 

be further complicated because not all conservation actions were applied in the same year, and 

because of the non-linear changes in LEPC abundance across years (Figure 4), the year the 

action was taken would likely have strong effect on the before-after difference in abundance. 

Furthermore, it is unclear how to divide the reference site data into before-action and after-

action periods when actions are not applied in the same year within the study. 

 

 
Figure 12. Hypothetical comparison of population trends across study periods between sites 

where conservation actions have been applied and sites where no actions have been 
taken (reference). 

 

Before applying any BACI-style analytical approaches to the current dataset, we recommend 

careful consideration of why and where conservation actions were implemented and 

consequently whether it can be assumed that the underlying LEPC population trajectories were 

similar at sites selected for conservation action and those not selected. 
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APPENDIX A: SUPPLEMENTAL MATERIAL 



 

 

Table S1. Mean values of each covariate by ecoregion used when plotting the relationship 
between lesser prairie-chicken abundance and environmental covariates. The ten 
covariates included in the model selection process are shown (excludes Year, Upland, 
Grazing, and Agreement covariates defined in Table 1). Ecoregion acronyms are defined in 
Figure 1. 

Covariate 
Ecoregion 

SOPR SSPR MGPR SGPR 

Development landcover (%) 2.32 3.14 2.93 3.18 
Oil-gas well density (wells/km

2
) 1.07 0.69 1.28 1.28 

Primary road density (km/km
2
) 0.10 0.06 0.08 0.06 

Transmission line density (km/km
2
) 0.09 0.05 0.05 0.04 

Vertical structures (structures/km
2
) 0.01 0.01 0.01 0.01 

Cropland landcover (%) 20.05 36.62 17.29 45.43 
Grassland landcover (%) 29.05 32.56 55.85 40.16 
Shrubland Landcover (%) 16.90 12.22 7.71 0.03 
Woodland landcover (%) 21.37 0.17 9.11 0.04 
CRP-enrolled land (%) 10.12 13.13 5.97 8.76 

km = kilometer; km
2
 = square kilometer 



 

 

Table S2. The estimated abundance of lesser prairie-chickens from 2012 – 2018 in each of the four ecoregions (Figure 1) that define 
their range in the southern Great Plains, US. These estimates were obtained using the spatially explicit method and are the 
same plotted for the spatially explicit method in Figure 3 and Figure 4. We note that our sample frame does not cover the 
entirety of the estimated occupied range (EOR+10; Figure 1), so we use the term “range-wide” abundance in the sense that it 
includes all four ecoregions, not that it encompasses the entirety of the species’ range. 

Year 

Ecoregion 

Range-wide SOPR SSPR MGPR SGPR 

2012 4,258 (1,360 – 12,850) 2,299 (339 – 5,145) 8,885 (3,375 – 14,593) 17,871 (8,601 – 25,662) 33,313 (18,836 – 47,167) 
2013 2,052 (897 – 3,572) 1,773 (568 – 3,277) 3,611 (1,184 – 6,292) 7,582 (3,486 – 13,746) 15,019 (9,135 – 22,196) 
2014 1,544 (492 – 2,998) 424 (0 – 1,077) 6,311 (1,825 – 10,992) 14,508 (7,405 – 23,668) 22,788 (13,118 – 34,149) 
2015 1,103 (301 – 2,275) 859 (240 – 1,774) 8,518 (4,638 – 11,962) 14,464 (6,451 – 22,959) 24,943 (14,176 – 35,418) 
2016 3,002 (1,295 – 5,737) 1,239 (301 – 2,263) 5,908 (2,483 – 8,973) 11,077 (6,028 – 15,973) 21,227 (13,323 – 28,917) 
2017 2,541 (823 – 5,205) 1,531 (328 – 3,452) 6,734 (3,074 – 10,110) 14,775 (8,704 – 22,813) 25,582 (16,654 – 36,092) 
2018 5,900 (2,091 – 13,060) 2,811 (1,123 – 4,417) 6,650 (2,989 – 9,533) 24,749 (13,004 – 41,228) 40,111 (24,095 – 60,608) 



 

 

Table S3. Model selection results for zero-inflated Negative Binomial regression models of 
abundance of lesser prairie-chickens in the Shinnery Oak Prairie ecoregion, 2012 – 
2018. All models in the set are shown, and covariates are defined in Table 1. 

Negative Binomial Submodel Logistic Submodel K AICc ΔAICc w 

Shrubland + Year Shrubland + Year 17 1159.29 0.00 0.83 
CRP + Year Shrubland + Year 17 1163.65 4.36 0.09 
Cropland + Year Shrubland + Year 17 1164.21 4.92 0.07 

AICc = the second-order Akaike’s Information Criterion; ΔAICc = the difference from the minimum AICc value; 

K = the number of parameters; w = the Akaike model weight 

 

  



 

 

Table S4. Model selection results for zero-inflated Negative Binomial regression models of 
abundance of lesser prairie-chickens in the Sand Sagebrush Prairie ecoregion, 2012 – 
2018. All models in the set are shown, and covariates are defined in Table 1. 

Negative Binomial Submodel Logistic Submodel K AICc ΔAICc w 

Grassland + Year Shrubland + Year 17 797.14 0.00 0.08 
Cropland + Year Shrubland + Year 17 797.35 0.20 0.07 
Grassland + Year Well + Year 17 797.62 0.48 0.06 
Well + Year Shrubland + Year 17 797.71 0.56 0.06 
Cropland + Year Well + Year 17 797.82 0.68 0.06 
Well + Year Well + Year 17 798.19 1.04 0.05 
Development + Year Shrubland + Year 17 798.44 1.30 0.04 
Year Shrubland + Year 16 798.71 1.56 0.04 
Development + Year Well + Year 17 798.92 1.78 0.03 
Year Well + Year 16 799.18 2.04 0.03 
Transmission + Year Shrubland + Year 17 799.28 2.13 0.03 
Road + Year Shrubland + Year 17 799.63 2.48 0.02 
Transmission + Year Well + Year 17 799.75 2.61 0.02 
Grassland + Year Cropland + Year 17 799.96 2.82 0.02 
Road + Year Well + Year 17 800.10 2.96 0.02 
Cropland + Year Cropland + Year 17 800.16 3.02 0.02 
Well + Year Cropland + Year 17 800.52 3.38 0.01 
Grassland + Year Development + Year 17 800.52 3.38 0.01 
Cropland + Year Development + Year 17 800.72 3.58 0.01 
Shrubland + Year Shrubland + Year 17 800.81 3.66 0.01 
CRP + Year Shrubland + Year 17 800.87 3.73 0.01 
Vertical + Year Shrubland + Year 17 800.91 3.76 0.01 
Well + Year Development + Year 17 801.08 3.94 0.01 
Development + Year Cropland + Year 17 801.25 4.11 0.01 
Grassland + Year Year 16 801.28 4.13 0.01 
Shrubland + Year Well + Year 17 801.28 4.14 0.01 
CRP + Year Well + Year 17 801.35 4.21 0.01 
Vertical + Year Well + Year 17 801.38 4.24 0.01 
Grassland + Year Road + Year 17 801.45 4.31 0.01 
Cropland + Year Year 16 801.48 4.33 0.01 
Year Cropland + Year 16 801.52 4.37 0.01 
Cropland + Year Road + Year 17 801.65 4.51 0.01 
Development + Year Development + Year 17 801.84 4.69 0.01 
Well + Year Year 16 801.84 4.69 0.01 
Grassland + Year Transmission + Year 17 801.90 4.76 0.01 
Well + Year Road + Year 17 802.01 4.87 0.01 
Year Development + Year 16 802.08 4.94 0.01 
Transmission + Year Cropland + Year 17 802.09 4.94 0.01 
Cropland + Year Transmission + Year 17 802.10 4.96 0.01 
Road + Year Cropland + Year 17 802.44 5.30 0.01 
Well + Year Transmission + Year 17 802.46 5.32 0.01 
Development + Year Year 16 802.57 5.42 0.01 
Transmission + Year Development + Year 17 802.66 5.51 0.00 
Development + Year Road + Year 17 802.76 5.62 0.00 
Year Year 15 802.85 5.71 0.00 
Grassland + Year Grassland + Year 17 802.99 5.84 0.00 
Road + Year Development + Year 17 803.01 5.86 0.00 
Year Road + Year 16 803.02 5.87 0.00 
Cropland + Year Grassland + Year 17 803.19 6.04 0.00 
Development + Year Transmission + Year 17 803.21 6.06 0.00 
Transmission + Year Year 16 803.41 6.26 0.00 



 

 

Table S4. Model selection results for zero-inflated Negative Binomial regression models of 
abundance of lesser prairie-chickens in the Sand Sagebrush Prairie ecoregion, 2012 – 
2018. All models in the set are shown, and covariates are defined in Table 1. 

Negative Binomial Submodel Logistic Submodel K AICc ΔAICc w 

Grassland + Year Vertical + Year 17 803.44 6.30 0.00 
Year Transmission + Year 16 803.46 6.32 0.00 
Grassland + Year CRP + Year 17 803.48 6.34 0.00 
Well + Year Grassland + Year 17 803.54 6.40 0.00 
Transmission + Year Road + Year 17 803.59 6.44 0.00 
Shrubland + Year Cropland + Year 17 803.62 6.48 0.00 
Cropland + Year Vertical + Year 17 803.64 6.50 0.00 
Cropland + Year CRP + Year 17 803.68 6.53 0.00 
CRP + Year Cropland + Year 17 803.69 6.54 0.00 
Vertical + Year Cropland + Year 17 803.72 6.58 0.00 
Road + Year Year 16 803.76 6.62 0.00 
Road + Year Road + Year 17 803.94 6.79 0.00 
Well + Year Vertical + Year 17 804.00 6.86 0.00 
Transmission + Year Transmission + Year 17 804.04 6.89 0.00 
Well + Year CRP + Year 17 804.04 6.89 0.00 
Shrubland + Year Development + Year 17 804.19 7.04 0.00 
CRP + Year Development + Year 17 804.25 7.11 0.00 
Development + Year Grassland + Year 17 804.28 7.13 0.00 
Vertical + Year Development + Year 17 804.28 7.14 0.00 
Road + Year Transmission + Year 17 804.39 7.24 0.00 
Year Grassland + Year 16 804.55 7.40 0.00 
Development + Year Vertical + Year 17 804.73 7.59 0.00 
Development + Year CRP + Year 17 804.77 7.63 0.00 
Shrubland + Year Year 16 804.94 7.80 0.00 
Year Vertical + Year 16 805.01 7.86 0.00 
CRP + Year Year 16 805.01 7.86 0.00 
Vertical + Year Year 16 805.04 7.89 0.00 
Year CRP + Year 16 805.04 7.90 0.00 
Transmission + Year Grassland + Year 17 805.12 7.97 0.00 
Shrubland + Year Road + Year 17 805.12 7.97 0.00 
CRP + Year Road + Year 17 805.18 8.04 0.00 
Vertical + Year Road + Year 17 805.22 8.07 0.00 
Road + Year Grassland + Year 17 805.47 8.33 0.00 
Shrubland + Year Transmission + Year 17 805.57 8.42 0.00 
Transmission + Year Vertical + Year 17 805.57 8.43 0.00 
Transmission + Year CRP + Year 17 805.61 8.47 0.00 
CRP + Year Transmission + Year 17 805.63 8.49 0.00 
Vertical + Year Transmission + Year 17 805.66 8.52 0.00 
Road + Year Vertical + Year 17 805.93 8.79 0.00 
Road + Year CRP + Year 17 805.97 8.82 0.00 
Shrubland + Year Grassland + Year 17 806.65 9.50 0.00 
CRP + Year Grassland + Year 17 806.72 9.57 0.00 
Vertical + Year Grassland + Year 17 806.75 9.60 0.00 
Shrubland + Year Vertical + Year 17 807.11 9.96 0.00 
Shrubland + Year CRP + Year 17 807.14 10.00 0.00 
CRP + Year Vertical + Year 17 807.18 10.03 0.00 
Vertical + Year Vertical + Year 17 807.21 10.06 0.00 
CRP + Year CRP + Year 17 807.21 10.07 0.00 
Vertical + Year CRP + Year 17 807.24 10.10 0.00 

AICc = the second-order Akaike’s Information Criterion; ΔAICc = the difference from the minimum AICc value; 

K = the number of parameters; w = the Akaike model weight 



 

 

Table S5. Model selection results for zero-inflated Negative Binomial regression models of 
abundance of lesser prairie-chickens in the Mixed Grass Prairie ecoregion, 2012 – 2018. 
All models in the set are shown, and covariates are defined in Table 1. 

Negative Binomial Submodel Logistic Submodel K AICc ΔAICc w 

Vertical + Year Woodland + Year 17 1525.84 0.00 0.73 
Well + Year Woodland + Year 17 1531.24 5.40 0.05 
Year Woodland + Year 16 1531.45 5.62 0.04 
CRP + Year Woodland + Year 17 1532.67 6.83 0.02 
Development + Year Woodland + Year 17 1532.74 6.90 0.02 
Vertical + Year Well + Year 17 1533.01 7.18 0.02 
Shrubland + Year Woodland + Year 17 1533.09 7.25 0.02 
Road + Year Woodland + Year 17 1533.14 7.30 0.02 
Transmission + Year Woodland + Year 17 1533.31 7.48 0.02 
Woodland + Year Woodland + Year 17 1533.52 7.68 0.02 
Grassland + Year Woodland + Year 17 1533.58 7.75 0.02 
Cropland + Year Woodland + Year 17 1533.59 7.75 0.02 
Well + Year Well + Year 17 1538.49 12.65 0.00 

Year Well + Year 16 1538.70 12.86 0.00 

CRP + Year Well + Year 17 1539.91 14.07 0.00 

Development + Year Well + Year 17 1539.98 14.15 0.00 

Shrubland + Year Well + Year 17 1540.34 14.50 0.00 

Road + Year Well + Year 17 1540.38 14.54 0.00 

Transmission + Year Well + Year 17 1540.56 14.72 0.00 

Woodland + Year Well + Year 17 1540.76 14.93 0.00 

Grassland + Year Well + Year 17 1540.83 14.99 0.00 

Cropland + Year Well + Year 17 1540.83 15.00 0.00 

AICc = the second-order Akaike’s Information Criterion; ΔAICc = the difference from the minimum AICc value; 

K = the number of parameters; w = the Akaike model weight 

 

  



 

 

Table S6. Model selection results for zero-inflated Negative Binomial regression models of 
abundance of lesser prairie-chickens in the Shortgrass/CRP Mosaic ecoregion, 2012 – 
2018. All models in the set are shown, and covariates are defined in Table 1. 

Negative Binomial Submodel Logistic Submodel K AICc ΔAICc w 

CRP + Development + Year Well + Development + Year 19 2609.39 0.00 0.30 
CRP + Development + Year Cropland + Road + Year 19 2610.19 0.80 0.20 
Well + Development + Year Well + Development + Year 19 2610.76 1.37 0.15 
Well + CRP + Year Well + Development + Year 19 2611.31 1.92 0.11 
Well + Development + Year Cropland + Road + Year 19 2612.46 3.08 0.06 

CRP + Development + Year 
Cropland + Development + 
Year 19 2613.70 4.32 0.03 

Well + CRP + Year Cropland + Road + Year 19 2614.15 4.76 0.03 
CRP + Development + Year Grassland + Road + Year 19 2614.70 5.31 0.02 
CRP + Development + Year Grassland + CRP + Year 19 2614.86 5.47 0.02 
Grassland + Development + 
Year Well + Development + Year 19 2616.30 6.91 0.01 

Well + Development + Year 
Cropland + Development + 
Year 19 2616.47 7.08 0.01 

Grassland + Development + 
Year Cropland + Road + Year 19 2616.53 7.14 0.01 
Vertical + Development + Year Well + Development + Year 19 2616.86 7.47 0.01 
Well + Development + Year Grassland + CRP + Year 19 2616.89 7.50 0.01 
Transmission + Development + 
Year Well + Development + Year 19 2617.02 7.64 0.01 
Well + Development + Year Grassland + Road + Year 19 2617.14 7.75 0.01 
Vertical + Development + Year Cropland + Road + Year 19 2617.34 7.95 0.01 
Transmission + Development + 
Year Cropland + Road + Year 19 2617.56 8.18 0.00 

Well + CRP + Year 
Cropland + Development + 
Year 19 2618.02 8.64 0.00 

Well + CRP + Year Grassland + Road + Year 19 2618.52 9.14 0.00 
Grassland + Development + 
Year 

Cropland + Development + 
Year 19 2620.20 10.81 0.00 

Well + CRP + Year Grassland + CRP + Year 19 2620.30 10.91 0.00 
Grassland + Development + 
Year Grassland + CRP + Year 19 2620.32 10.93 0.00 
Vertical + Development + Year Grassland + CRP + Year 19 2621.02 11.64 0.00 

Vertical + Development + Year 
Cropland + Development + 
Year 19 2621.06 11.68 0.00 

Transmission + Development + 
Year 

Cropland + Development + 
Year 19 2621.23 11.85 0.00 

Transmission + Development + 
Year Grassland + CRP + Year 19 2621.24 11.85 0.00 
Grassland + Development + 
Year Grassland + Road + Year 19 2621.33 11.94 0.00 
Vertical + Development + Year Grassland + Road + Year 19 2622.07 12.69 0.00 
Transmission + Development + 
Year Grassland + Road + Year 19 2622.30 12.91 0.00 

AICc = the second-order Akaike’s Information Criterion; ΔAICc = the difference from the minimum AICc value; 

K = the number of parameters; w = the Akaike model weight 



 

 

 
Figure S1. The predicted abundance of lesser prairie-chickens in 2012 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. The color ramp is consistent across Figures S1 – S7. 

 



 

 

 
Figure S2. The predicted abundance of lesser prairie-chickens in 2013 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. The color ramp is consistent across Figures S1 – S7. 

 



 

 

 
Figure S3. The predicted abundance of lesser prairie-chickens in 2014 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. The color ramp is consistent across Figures S1 – S7. 

 



 

 

 
Figure S4. The predicted abundance of lesser prairie-chickens in 2015 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. The color ramp is consistent across Figures S1 – S7. Note, Figure S4 is the same 
as Figure 5 in the body of the report. 

 



 

 

 
Figure S5. The predicted abundance of lesser prairie-chickens in 2016 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. The color ramp is consistent across Figures S1 – S7. 

 



 

 

 
Figure S6. The predicted abundance of lesser prairie-chickens in 2017 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. The color ramp is consistent across Figures S1 – S7. 

 



 

 

 
Figure S7. The predicted abundance of lesser prairie-chickens in 2018 across their range in the 

southern Great Plains, US. Predictions are based on the environmental attributes of each 
15 x 15-kilometer grid cell in the sampling frame that intersects the estimated occupied 
range (EOR+10), and are model averaged across the set of zero-inflated Negative Binomial 
models. The color ramp is consistent across Figures S1 – S7. 

 

 

 

 


