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Abstract: Wind turbines in the Altamont Pass Wind Resource Area (Alameda/Contra
Costa Counties, California, USA) generate about 730 GWh of electricity annually, but
have been killing thousands of birds each year, including >2,000 raptors and hundreds of
burrowing owls. We have developed collision hazard maps and hazard ratings of wind
turbines to guide relocation of existing wind turbines and careful repowering to modern
turbines to reduce burrowing owl fatalities principally, and other birds secondarily.
Burrowing owls selected burrow sites lower on slopes and on smaller, shallower slopes
than represented by the average 10 > 10 m® grid cell among 187,908 grid cells sampled
from 2,281,169 grid cells comprising a digital elevation model (DEM) of the study area.
Fuzzy logic and discriminant function analysis produced likelihood surfaces encompassing
most burrowing owl burrows within a fraction of the study area, and the former
corresponded with burrowing owl fatalities and the latter with other raptor fatalities. Our
ratings of wind turbine hazard were more predictive of burrowing owl fatalities, but would
be more difficult to implement. Careful repowering to modern wind turbines would most
reduce fatalities of burrowing owls and other birds while adding about 1,000 GWh
annually toward California’s 33% Renewable Portfolio Standard.
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1. Introduction

Policy-makers have hoped that wind energy generation in the Altamont Pass Wind Resource Area
(APWRA) will contribute to meeting both California’s growing energy demand and its recent
mandates on renewable energy use. California’s Governor Arnold Schwarzenegger issued Executive
Order S-14-08 (17 Nov 2008), requiring that 33% of the energy delivered to California consumers
shall come from renewable sources by the year 2020. Executive Order S-14-08 was termed the 33%
Renewable Portfolio Standard (33% RPS). Given the energy used in 2006 and assuming the California
Energy Commission’s projected 1.2% annual growth in consumption, the renewable resource gap is
80,690 GWh. For perspective, the APWRA'’s installed capacity of 580 MW generated 730 GWh in
2006, or 0.9% of the renewable resource gap, but it has been killing thousands of birds per year since
its development in the 1980s [1-2].

The locations for APWRA wind turbines were selected without considering patterns of bird flights,
perching or nest locations, all of which influence collision risks. Most wind turbines were mounted on
short towers, which positioned the rotor planes at heights above ground that are often used specifically
for foraging by golden eagle, red-tailed hawk, American kestrel, and burrowing owl, and these species
have subsequently been Killed at high rates in the APWRA. Of particular concern are burrowing owl
fatalities, estimated at 99 to 380 [3] and 440 per year in 1998-2003 [4], and 737-1,488 per year in
2005-2007 [2]. Whereas the more recent estimate might be inflated due to a possible bias in the
scavenger removal adjustment [2], all of these fatality rates and those of other species [2] indicate the
APWRA has been in excessive violation of the international Migratory Bird Treaty Act, Federal Bald
and Golden Eagle Protection Act, and California Fish and Game Code 3503.5 (Birds of Prey).
Burrowing owls have been declining in California [5-7], and are listed as a second-priority species of
special concern in California [8], therefore, there is urgent need to sharply reduce burrowing owl
fatalities caused by the APWRA’s wind turbines.

After several years of research of bird behaviors and fatalities in the APWRA, it was concluded that
careful repowering would reduce fatalities more so than the 16 mitigation measures formulated for
continued operation of the old-generation turbines [9]. Careful repowering would replace old-
generation wind turbines with modern turbines on taller towers and located where collision risk is
minimized. Two small repowering projects were installed since the earlier recommendation for
repowering. These were the 20.5 MW Diablo Winds Energy Project and the 38 MW Buena Vista
Wind Energy Project, which began operations in 2004 and 2007, respectively. Compared to
old-generation wind turbines in the APWRA, raptor fatalities per MW per year were 54% lower at
Diablo Winds [2] and 91% lower at Buena Vista [10]. Since repowering, burrowing owl fatalities have
not been found at Buena Vista and declined 24% at Diablo Winds compared to concurrently operating
old-generation wind turbines [2].
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Given that repowering of the APWRA is moving forward slowly and in piecemeal fashion a
burrowing owl collision hazard map could help reduce burrowing owl fatalities immediately by
showing which old-generation wind turbines pose the greatest risk to this species and where these
turbines might be relocated to reduce collision risk [11-12]. A collision hazard map could reduce
burrowing owl fatalities more substantially over the longer term by guiding where modern wind
turbines are sited as repowering expands. One caveat to this hazard mapping approach is inter-specific
variation in avian behavior in response to environmental and wind turbine attributes such that a
least-hazards map developed for burrowing owls could potentially increase the collision risk for
other species.

Earlier research established a positive relationship between burrowing owl fatalities and the number
of burrowing owl burrows within 55 m of wind turbines [13], and a model based on a set of turbine
and landscape attributes correctly predicted 71% of the burrowing owl fatalities documented in
1998-2003 [3]. Thus it is reasonable to assume that predicted burrowing owl burrow locations would
correspond with wind turbine collision hazard, and this information could be used to develop a
burrowing owl collision hazard map. In the APWRA, burrowing owls usually commandeer burrows
from burrow systems constructed by California ground squirrels (Spermophilus beecheyi), so to
develop a map predicting burrowing owl burrow locations we needed to know which portions of the
landscape are selected by ground squirrels and which of this portion selected by ground squirrels is
also selected by burrowing owls.

The goal of our study was to develop a predictive model of burrowing owl burrow locations in the
APWRA to be used as a map-based indicator of collision hazards for relocating existing,
old-generation turbines and guiding new-generation turbine siting in repowering. Our objectives were
to: (1) develop predictive models of burrowing owl burrow locations; (2) validate the models by
relating predicted burrowing owl burrow locations to documented locations, both within the spatial
areas used to develop the predictive model and within an area that did not contribute to model
development, i.e., Vasco Caves Regional Preserve, (3) validate the usefulness of the models by
comparing burrowing owl fatality rates between turbines within areas predicted to be occupied by
burrowing owls and turbines outside these areas, (4) compare the usefulness between a
landscape-based hazard model and a wind turbine rating system based on environmental and wind
turbine attributes associated with individual wind turbines, and (5) compare the tradeoffs of impacts of
a burrowing owl management focus on other bird species, especially other raptors that often collide
with the APWRA wind turbines.

2. Study Area

The APWRA encompassed about 16,450 ha of mostly non-native annual grassland in eastern
Alameda and southeastern Contra Costa Counties in central California. The study area ranged 78 to
470 m above MSL, composed of hills, ridges and valleys, including ephemeral streams, stock ponds,
seasonal ponds, and marshes. Most ridges were oriented northwest-southeast, increasing in size
westward. Landowners grazed livestock and leased land to wind companies.

The APWRA included 580 MW of wind turbines of various models (Figure 1) during the
1998-2003 study [2], numbering about 5,400 in 1998 and 5,301 in 2003. In 2005, the Diablo Winds
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Project replaced 105 150-kW and 25 250-kW Flowind vertical axis wind turbines with 38 Vestas
660-kW turbines (Figure 2). By the end of 2006 the Buena Vista Wind Energy project replaced 170
Windmaster, Nordtank, and Danwin turbines with 38 1-MW Mitsubishi turbines (Figure 2).

Data for model development were gathered at multiple locations around wind turbines throughout
the central, eastern, and southern portions of the APWRA. Data for model validation were also
gathered from Vasco Caves Regional Preserve near the northern boundary of the APWRA, including
52 330-kW Howden turbines and 20 65-kW Nordtank turbines (Photos A and F in Figure 1). Vasco
Caves Regional Preserve was managed by East Bay Regional Park District, and consists of five
relatively large, steep hills. Wind turbines occupied only one of the large hills and a plateau on the
northern aspect of the Preserve [14].

3. Methods

3.1. Estimating Fatality Rates

Fatality search effort varied in frequency and number of turbines searched throughout the study
period 1998-2003 [4]. During fatality searches biologists searched for bird carcasses within 50 m of
each wind turbine, walking parallel routes at about 8-16 m intervals along rows of turbines. From
March 1998 through September 2002, groups of turbines were added to the search rotation as access
was granted and ultimately a total of 1,526 wind turbines arranged in 182 rows were searched at
various intervals (mean = 53 days). From November 2002 to May 2003 another 2,548 turbines
arranged in 380 rows were searched twice at intervals of 90+ days. Carcasses found in 1998-2003
were used for developing predictive models. Carcasses found during another monitoring period, from
March 2005 through March 2007 [2], were used for model validation. Searches for these carcasses
were performed with an average interval of 41 days at 2,650 wind turbines in stratified random plots,
using comparable field methods to the earlier fatality monitoring program.

All carcasses or body parts found were examined to assign species, age, sex, and probable cause of
death. Cause of death was determined by evidence of injuries, when available, such as burn marks or
singed feathers typical of electrocution, and cut or twisted torsos, dismemberment and other forms of
blunt force trauma typical of collisions with wind turbine blades. Unless assigned another cause of
death, carcasses were assumed to have been Killed by a wind turbine if found within 125 m of a wind
turbine. Carcasses were used in fatality rate estimation if the estimated time since death was <90 days,
because we did not want to include fatalities caused prior to the study period. The number of days
since death was estimated after assessing carcass condition (e.g., fresh, weathered, dry, bleached
bones) and decomposition level (e.g., flesh color, presence of maggots, odor).
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Figure 1. Some of the various old-generation wind turbine models in the APWRA during
1998-2007, including Nordtank 65-kW (A), KCS56 100-kW (B), Bonus 150-kW (C),
Polenko 100-kW (D), Windmatic 65-kW (E), Howden 330-kW (F), Micon 65-kW (G),
Enertech 40-kW (H), Flowind 150-kW (1), and KVS-33 400-kW (J). These photos are not
to scale.
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Figure 2. Vestas 660-kW turbines in Diablo Winds Energy Project, which replaced
Flowind vertical axis turbines (left photo), and Mitsubishi 1-MW turbines in Buena Vista
Wind Energy project that replaced Windmaster, Nordtank, and Danwin turbines
(right photo).

Fatality rates were expressed as the number of fatalities per MW per year, where MW was the rated
power output of the wind turbines composing a row of wind turbines, and the number of years or
fractions of a year were the time spans over which searches were performed at that wind turbine row.
Fatality rates were based on fatalities occurring <90 days before discovery, and 0.25 years was added
to the number of years used in each fatality rate calculation to represent the time period when fresh
carcasses could have accumulated prior to the first search. We adjusted fatality rates, Fa, for carcasses
not found due to searcher detection error and scavenger removal [2]:

LTI
pPxR¢

1)

where Fy was unadjusted fatality rate, p was the average proportion of fatalities found by searchers
during searcher detection trials across the U.S. [15], and Rc was the average cumulative proportion of
carcasses remaining since the last fatality search, assuming wind turbines deposit carcasses steadily
through the search interval. Preliminary Rc values were estimated using reports of scavenger removal
trials across the U.S. [15]:

RC _ =l ’ (2)

where R; was the proportion of carcasses remaining by the ith day into a scavenger removal trial and
corresponding with days since the last search during fatality monitoring, and | was the average search
interval (days). We looked up Rc values in [15, App.], but we note that new approaches to scavenger
removal trials have been generating faster removal rates (Smallwood et al., manuscript in preparation).
Searcher detection and scavenger removal rates varied across the U.S., but not nearly to the degree
they varied by typical body size categories and by whether raptors or nonraptors [15]; nevertheless,
multiple sources of error and bias have yet to be characterized.
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3.2. Mapping Burrowing Owl and Mammal Burrows for Model Development

We mapped burrows of mammals and burrowing owls using a Trimble Pro-XR GPS within 90 m of
571 wind turbines composing 70 rows that were also monitored for bird fatalities during 1999-2003.
We selected turbine rows to represent the existing variation in documented raptor fatality rates,
physiographic conditions, and levels of effort directed toward ground squirrel control. We mapped the
approximate centroids of ground squirrel burrow systems using a pacing method to separate burrow
systems when continuity of sign rendered inter-burrow system distinctions difficult [16]. Ground
squirrel burrow systems can contain multiple adults. We walked parallel transects 0, 15, 30, 45, 60, 75,
and 90 m away from the turbine row, thus covering increasingly larger areas around the turbine rows.

Areas intervening turbine rows were also mapped in some turbine fields, including: (1) 66 ha with
131 Micon 65-kW turbines arranged in seven rows near Mountain House; (2) 57 ha with 120 Vestas
100-kW turbines in eight rows just south of Old Altamont Road in the central portion of the APWRA,;
(3) 21 ha with 29 Enertech turbines arranged in five rows near the Seawest office; (4) 14 ha with 18
Micon 65-kW wind turbines in five rows off Midway Road; (5) 15 ha with 15 Flowind 150-kW and
Bonus 150-kW turbines in four rows on the Elworthy Ranch; (6) 26 ha with 24 Bonus 120- and
150-kW turbines in four rows on the Elworthy Ranch; and, (7) 32 ha with 30 Bonus 120-kW turbines
in five rows on the Elworthy Ranch. Intervening areas were mapped between other turbine rows, as
well, but these were relatively small areas.

Burrowing owl burrows were identified after burrowing owls flushed from the burrow or by sign.
Sign included pellets, whitewash, shed feathers, and/or nest displays composed of cattle dung, toad
skins, lizard carcasses, decapitated small mammals, and/or arranged sticks. Not all burrows mapped
were nest burrows, but only 1 of >2 burrows was mapped when burrows occurred <25 m apart, which
was closer than the closest inter-nest distance reported elsewhere [17].

3.3. Spatial Models to Predict Burrowing Owl Locations

We mapped burrowing owl burrows as point features in ArcMap GIS layered onto a digital
elevation model (DEM). We characterized the location of each burrowing owl burrow by slope aspect,
slope grade, rate of change in slope, direction of change in slope, and elevation. These variables were
also used to generate raster layers of the study area, one raster expressing the aspect of the
corresponding slope (hereafter referred to as ‘slope aspect’), and the other expressing whether the
landscape feature was tending toward convex versus concave orientation. These features were defined
using geoprocessing.

The United States Geological Survey (USGS) 10-m DEM was used as a starting point for
characterizing the terrain of the Altamont Pass. To replace poorer quality data across about 25% of the
study area, geo-referenced USGS 7.5’ digital raster graphics (DRG) were used with GIS to capture the
contour lines (hypsography). These contour vectors were then run through ESRI’s Topograph tool to
create a 10-m DEM, which was inserted into the existing USGS 10-m DEM. Elevation was assigned to
each grid cell according to its centroid.

From the final DEM of the Altamont Pass region, the statistical analyses were limited (masked) to
data within the areas searched for ground squirrel and burrowing owl burrows. The resulting analytical
grid was composed of 187,908 10 x 10 m? cells. The analytical grid was used to develop and test
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predictive models, which were later projected across the 2,281,169 grid cells composing the APWRA.
The analytical grid was not selected randomly from within the APWRA because the focus of the
burrow mapping was on raptor prey species nearby the wind turbines, most of which were placed
along ridge crests and ridgelines between peaks and valley bottoms. Thus, some landscape features
within the analytical grid were disproportional to their occurrence within the APWRA, such as ridge
crests. Model predictions will be more reliable for landscape features represented within the analytical
grid than for landscape features typically farther away from wind turbines.

Figure 3. Ridge and valley features expressed as blue and gold, respectively, and typical of
convex-trending groups of DEM grid cells (ridges) and concave-trending groups of grid
cells (valleys).

We used the Curvature function in the Spatial Analysis extension of ArcGIS 9.2 to calculate the
curvature of a surface at each cell centroid. A positive curvature indicated the surface was upwardly
convex at that cell, a negative curvature indicated the surface was upwardly concave, and a value of
zero indicated the cell surface was flat. The curvature data (-51 to 38) were classified using the
NaturalBreaks (Jenks) function with three classes of curvature—convex, concave and mid-range. The
break values were visually adjusted to minimize the size of the mid-range class. We used a series of
geoprocessing steps called ‘expand,” ‘shrink,” and ‘regiongroup,” as well as ‘majority filter tools’ to
enhance the primary slope curvature trend of a location. The result was a surface almost exclusively
defined as either convex or concave (Figure 3). The convex surface areas consisted primarily of ridge
crests and peaks, hereafter referred to as ridges, and the concave surface areas consisted primarily of
valleys, ravines, ridge saddles and basins, hereafter referred to as valleys.

Line features representing the estimated average centers of ridge crests and valley bottoms
(Figure 4) were derived from the following steps. ESRI’s ‘Flowdirection’ function was used to create a
flow direction from each cell to its steepest down-slope neighbor, and then the ‘Flowaccumulation’
function was used to create a grid of accumulated flow through each cell by accumulating the weight
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of all cells flowing into each down-slope cell. A valley started where 50 upslope cells had contributed
to it in the Flowaccumulation function, and a ridge started where 55 cells contributed to it. The
flowdirection and flowaccumulation functions were applied to the ridges by multiplying the DEM by
—1 to reverse the flow. Line features that represented ridges and valley bottoms were derived from
ESRI’s gridline and thin functions, which feed a line through the centers of the cells composing the
valley or ridge. Thinning put the line through the centers of groups of cells >40 in the case of valleys.

Figure 4. Line coverages of ridge tops (orange) and valley bottoms (blue) following
multiple geoprocessing steps assessing trends in neighboring DEM grid cells. Polygons
enclose areas around wind turbines where burrow systems of ground squirrel (green) and
burrowing owls (magenta) were mapped to develop predictive models.

The horizontal distance (m) of each DEM grid cell was then measured from the nearest valley
bottom and the nearest ridgeline, referred to as distance to valley and distance to ridge, respectively
(Figure 5). These distances were measured from the DEM grid cell to the closest grid cell of a valley
bottom or ridgeline, respectively, not including vertical differences in position. The total distance
across the underlying slope was the sum of the distance to the valley bottom and the distance to the
ridgeline, and expressed the size of the slope (total slope distance). The DEM grid cell’s position in
the slope was also expressed as the ratio of the distance to the valley and the distance to the ridge,
referred to as the distance ratio. This expression of the grid cell’s position on the slope removed the
size of the slope as a factor.

The vertical differences between each DEM grid cell and the nearest valley bottom and nearest
ridgeline were referred to as elevation difference (Figure 5), and this measure also expressed the size
of the slope. In addition to the trend in slope grade at each DEM grid cell, the gross slope was
measured as the ratio of elevation difference and total slope distance (Figure 5). The DEM grid cell’s
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position on the slope was also expressed as the ratio of the elevation differences between the grid cell
and the nearest valley and the grid cell and the nearest ridge, referred to as elevation ratio.

Figure 5. Example depiction of how slope attributes were measured from 10 m? DEM grid
cells. The elevation difference was the Elevation to valley + Elevation to ridge, and
elevation ratio was Elevation to valley = Elevation to ridge. Total slope distance was
Distance to valley + Distance to ridge, and distance ratio was Distance to valley =+
Distance to ridge. Gross slope was elevation difference = total slope distance. The
hypothetical grid cell overlaps a burrowing owl burrow located on another project site in
the APWRA.

CISTAnEn 18 D Ridgeline

Etevation |
“to ridge |

Each DEM grid cell was classified by slope aspect according to whether it faced north, northeast,
east, southeast, south, southwest, west, northwest, or if it was on flat terrain. For analysis slope aspect
was aggregated into five categories: northeast and east, southeast and south, southwest and west,
northwest and north, and no aspect (flat terrain). Each grid cell was categorized as to whether its center
on the landscape was windward, leeward or perpendicular to the prevailing southwest and northwest
wind directions as recorded during earlier behavior observation sessions [9,18].

Logip and natural log transformations were used to better fit normal distributions, and then
chi-square tests for association and principal components analysis (PCA) were used to further
understand how the variables related to burrowing owl burrow locations and to each other. To
minimize the effects of confounding, no more than one predictor variable was selected from each
principle component for any model developed to classify grid cells according to whether they
supported burrowing owl burrows. The first modeling approach used discriminant function analysis
(DFA), and the second used fuzzy logic [19-20]. Both produced likelihood surface areas, one referred
to as the DFA surface and the other as FL surface. The performance of each model was based on the
lowest number of predictor variables, the smallest portion of the study area occurring within the
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likelihood surface area, and the most number of mapped burrows occurring within the
likelihood surface.

Logio distance to valley and elevation difference were the two variables used in fuzzy logic to
predict the likelihood of each grid cell containing a burrowing owl burrow (Table 1). These two
variables were selected from a pool of candidates, based on relatively larger magnitudes of differences
between mean values where burrowing owls were and were not found, and based on their relatively
lower level of shared variation as judged from examination of a correlation matrix and the output from
principal components analysis.

Table 1. Fuzzy logic membership functions of grid cells belonging to the set of cells with
burrowing owl burrows, based on a sample of 187,908 10 < 10 m? grid cells. For logso
distance to valley, mean = 1.27302, SE = 0.11455, and SD = 0.46176, and for elevation
difference, mean = 7.5846 and SE = 0.97564.

Membership function of grid cell

Value of variable Y for ith Basis of membership belonging to set with a burrowing

grid cell function

owl burrow

Y = log, distance to valley

1.15847 <Y < 1.38757 Within 1 SE of mean 1

0.81126 <Y <1.15847 1 SDto 1 SE <mean 0.5 x<(1 —cos(m < (Y —0.81126) +
(1.15847 — 0.81126)))

1.73478 > Y > 1.38757 1 SDto 1 SE > mean 0.5 x<(1 + cos(rm =< (Y — 1.38757) +
(1.73478 — 1.38757)))

Y <0.81126 or Y > 1.73478 >1 SD away from mean 0

Y = elevation difference

5.63332 < Y <9.53588 Within 1 SE of mean 1

3.68204 <Y <5.63332 Within 4 xSE; 2 xSE <mean  0.5%(1 — cos(n < (Y — 3.68204) +
(5.63332 — 3.68204)))

11.48716 > Y >9.53588 Within 4 xSE; 2 xSE >mean  0.5%(1 + cos(n < (Y — 9.53588) +
(11.48716 — 9.53588)))

Y <3.68204 or Y > 11.48716 >4 SE; away from mean 0

Based on logo distance to valley, the grid cell’s membership value in the burrowing owl burrow set
was multiplied by 2.55 % 100, and based on elevation difference it was multiplied by 100 in order to
obtain a value range that was easier to report and interpret. These two products were added and all sum
values >70 were used to obtain the fuzzy logic surface because 70 appeared to be a natural break in the
frequency distribution.
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Figure 6. Example distribution of membership values in fuzzy logic set (red line), in this
case for grid cells containing burrowing owl burrows as a function of log;o distance

to valley.
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3.4. Spatial Model Validation Using Burrowing Owl Locations in Vasco Caves

From August through November 2006, we used a Trimble Geo-XT GPS to map the approximate
centers of burrow systems of burrowing owls, ground squirrels, and other mammals in Vasco Caves
Regional Preserve [14]. We used the pacing method described earlier along transects spaced about
12 to 15 m apart on 381 ha (70%) of the Preserve. Burrowing owl burrows mapped included burrows
used for both nesting and refuge.

A separate effort was made to specifically map burrowing owl nesting burrows. Biologists searched
for burrowing owls and their nest burrows from 33 observation points in 2006 and 39 points in 2007,
using 10 > 40 binoculars and a 25 > 60 spotting scope from both inside and outside an automobile.
They performed 15 surveys (54 hours) from 24 May to 2 August 2006, and 11 surveys (44 hours) from
3 April to 27 June 2007. Each year, 11 surveys were initiated during morning, generally lasting from
about 08:00 hours to 13:00 hours. Nest burrows had a breeding pair in attendance during repeat
surveys. To represent nest productivity, the maximum number of emergent juveniles between
2 and 4 weeks old was recorded. Results from both the general burrow mapping survey and the nesting
owl burrow survey were used in this analysis.

Mapped burrowing owl burrows were characterized as point features in ArcMap GIS and layered
onto our DEM of the study area. The location of each burrow was examined for overlap with our
predictive models developed using data from other parts of the APWRA. The analytical grid for the
burrow mapping area in the VVasco Caves study area consisted of 38,139 10 x10 m? cells.
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3.5. Non-Spatial Models to Predict Burrowing Owl Fatalities

We developed a simple rating system to score the collision hazard of each of the 4,074 wind
turbines searched for fatalities during 1998-2003. We selected specific conditions to be rated for
collision hazard following chi-square tests for association between fatalities and measured
environmental variables and wind turbine attributes [9]. Test results leading to conditions we rated
were those that were (1) significant, (2) based on expected y° cell values mostly >5, (3) exhibited
sensible gradients in measures of effect (i.e., relating observed to expected values) along a continuum
such as elevation or rotor diameter, and (4) reasonably orthogonal.

Using magnitudes of observed + expected ratios from the y” tests, we scored wind turbines for their
collision hazard to four raptor species that are the most often killed in the APWRA, because these
species were the foci of mitigation measures required by Alameda County’s conditional use permits
issued to the wind turbine companies (Table 2). Burrowing owls contributed to this scoring system, but
the other three species obviously also affected the scores. The sum scores were aggregated into
4 groups per species, and then the aggregated scores were subjected to conditional statements
(Table 3). The conditional statement considered natural breaks in ranges of sum scores specific to
each species.

Table 2. Rating system to score APWRA wind turbines for collision hazard to four select
species of raptor.

Wind Turbine Condition Score
Rotor plane swept/s < 2,142 m* 1
Supporting tower is tubular or vertical axis 1
Non-functional or next to derelict turbine or vacant tower 1
Not part of a wind wall 1
At the end of a turbine row 1

In a canyon 1
At or below 235 m elevation 2

In valley (trending toward upwardly convex) 1

Burrowing owl sum score (10 possible)

Low reach of blades 8 to 9.6 mabove ground 1
Fewer than 24 other turbines within 300 meters 1
At the edge of a local cluster of turbines 1
Not part of a wind wall 1
At the end of a turbine row 1
On a ridgeline 1

In a canyon 1
On steep slopes, >14< 1
On slopes windward to one prevailing wind direction

(NW or SW) and perpendicular to the other direction 1

Golden eagle sum score (9 possible)

At the end of a turbine row 1
Fewer than 13 other turbines within 300 meters 1

At the edge of a local cluster of turbines 1
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In a canyon

On a ridgeline or ridge saddle
On a northwest- or south/southeast-facing slope
At or above 385 m elevation

Red-tailed hawk sum score

Rotor plane swept/s > 3,285 m*
On ridgeline or ridge saddle
Below 135 m or above 385 m elevation

American kestrel sum score

(6 possible)

(3 possible)

N

1
1
1

Table 3. Conditional statements applied to the rating system for collision hazard to identify
tiers of wind turbines grading from most hazardous (Tier 1) to least hazardous (Tier 5),
where GOEA = golden eagle, RTHA = red-tailed hawk, BUOW = burrowing owl, and
AMKE = American kestrel.

Index scores No. of
GOEA| Operator | RTHA | Operator | BUOW | Operator | AMKE | Tier | turbines
4 and 4 and >1 and >1 1 22
>1 or >1 and >3 and >3 1 124
>3 or >3 and >4 or >4 1 75
4 and >3 and and 2 45
and and >3 and >2 2 235
>3 and >3 and >2 and >1 3 149
>2 and >3 and >1 and 3 323
>3 or >3 or >3 and 4 603
Else the turbine was assigned to Tier 5 5 2,498
4. Results

4.1. Landscapes Used to Develop and Validate Predictive Spatial Models

Principal components analysis, using a correlation matrix and varimax rotation, explained 82% of
the variation in predictor variables measured among APWRA-wide grid cells masked for model
development, and it also explained 82% of the variation in predictor variables measured among the
grid cells in Vasco Caves used for model validation (Table 4).
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Table 4. Principal Components following varimax rotation in PCA, showing only those
rotated factor loadings >0.1.

Component 1 Component 2 Component 3
Variable APWRA Vasco APWRA Vasco APWRA \Vasco
In Distance ratio 0.984 0.979
In Elevation ratio 0.907 0.921 0.133
logs, Distance to ridge —0.872 —0.851 0.312 0.332
logso Distance to valley 0.800 0.807 0.480 0.472
Gross slope 0.908 0.909 0.175
Elevation difference 0.831 0.775 0.440 0.549
Slope (percentage) -0.119 0.829 0.745
Elevation 0.214 0.437 0.627 0.234  -0.191 -0.211
log, Total slope distance 0.159 0.927 0.959

Component 1 can be interpreted as position on the slope, which loaded stronger on elevation at
Vasco Caves. Component 2 can be interpreted as the slope’s rate of change, i.e., steepness. Component
3 can be interpreted as the slope’s size. Only one variable with a high loading was used from each
component for subsequent predictive model development, though all variables and transformed
variables were tested for a relationship with burrowing owl burrows.

4.2. Burrowing Owl Burrows Contributing to Model Development and Validation

We mapped the locations of 65 burrowing owl burrows found during systematic searches of plots
throughout the eastern, central, and southern portions of the APWRA in 1999-2003. While mapping
mammal burrows in Vasco Caves during fall 2006, we detected 143 burrowing owl burrows used for
nesting and refuge (Figure 7). Biologists performing directed breeding pair surveys determined
burrowing owls were nesting in 25 (76%) of 33 burrows in use by pairs in 2006, and in 21 (54%) of
39 burrows in use in 2007 (Figure 7). Breeding pair density of burrowing owls on the project site was
>4.61 per 100 ha in 2006 and 3.87 per 100 ha in 2007, both within the confidence interval predicted by
an empirical model [3]. One or more young emerged from 19 of 25 breeding pairs for nest success of
76% in 2006, and one or more young emerged from 12 of 21 breeding pairs for nest success of 57% in
2007. Productivity was 3.44 juveniles/pair (N = 86 young) in 2006 and 1.95 juveniles/pair
(N =41 young) in 2007.

A vyear of fatality monitoring among the 21.9 MW of wind turbines in Vasco Caves detected 10
burrowing owl fatalities, all at turbines we rated as Tier 1 and Tier 2 (most hazardous). We estimated
17.7 burrowing owls were killed annually in VVasco Caves (Smallwood et al. manuscript in prep.), or
about 13% to 21% of the total annual population at VVasco Caves. However, we do not know whether
or to what degree this level of fatalities affects the local population.
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Figure 7. Distribution of burrowing owl burrows used in Vasco Caves Regional Preserve
for nesting in 2006 (green circles) and 2007 (orange circles), and for refuge in 2006 and
2007 (maroon circles).
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4.3. Burrowing Owl Relationships with Ground Squirrels and Slopes

Compared to the average grid cell, those with ground squirrel burrow systems and burrowing owl
burrows were successively lower on the slope (Table 5, Figure 8), on successively smaller slopes
(Figure 9A) and on successively shallower slopes (Figure 9B). Burrowing owls did not occupy ground
squirrel burrows at random, but rather selected burrows within a relatively narrow range of
topographic conditions.

Nearly all measured slope attributes differed between sets of grid cells with and without burrowing
owl burrows (Table 6). Grid cells with both nest and refuge burrows averaged about half the distance
to valley compared to grid cells without burrows, and grid cells with nest burrows in Vasco Caves
averaged 59% of distance to valley compared to other grid cells. Differences in multiple other
measured variables indicated that burrowing owl burrows were on average nearer the valley bottoms
than they were the ridge crests, at lower elevations than where burrowing owl burrows were not found,
and were on smaller, shallower slopes (Table 6).



Energies 2009, 2

931

Table 5. Mean comparisons among sets of grid cells with ground squirrel burrow
systems, burrowing owl burrows, and neither ground squirrel nor burrowing owl
burrows (empty cells) in the portions of the APWRA used to develop predictive models
of burrowing owl burrow locations. Post-hoc least significant difference tests were
denoted by a for tests between empty cell and ground squirrel, b for empty cell and
burrowing owl, and c for ground squirrel and burrowing owl, and the overall ANOVA
df = 1,187,907. Sample sizes were n = 185,077 for empty cells, n = 2,766 for cells with
ground squirrels, and n = 65 for cells with burrowing owls.

Mean Least-

Predictor variable Empty Ground Burrowing '?‘:'_\IV(;I\S':‘ significant

cell squirrel owl differences
Distance to valley 61.80 46.38 29.25 466.80** abc
Distance to ridge 42.12 46.69 45.09 63.31** a
Total slope distance 103.93 93.06 74.34 353.47** abc
Distance ratio 5.40 3.33 1.45 92.27** ab
Elevation 192.55 140.75 143.43 774.58** ab
Elevation difference 17.12 12.98 7.71 176.64** abc
Elevation ratio 5.43 2.86 1.20 274.78** ab
Gross slope (%) 15.87 13.28 9.14 112.26** abc
Slope at grid cell (%) 18.89 17.12 13.38 57.23** abc
Principal component 1 0.0049 -0.3128 -0.5301 146.83** ab
Principal component 2 0.0053 —-0.3433 —-0.6078 178.02** abc
Principal component 3 0.0027 —0.1650 —0.7678 57.53** abc

Figure 8. Mean and SE of percent of elevation from the bottom to the top of the slope on
which the grid cell is located within Vasco Caves Regional Preserve. On average, ground
squirrel burrow systems were lower on the slope than the average grid cell, and burrowing

owl burrows, including nest burrows, were lower yet.
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Figure 9. Compared to the average empty grid cell, those with ground squirrel burrows
were relatively low on the slope (A), those with burrowing owl burrows were lower still
(A), and those with ground squirrel burrows were on shallower slopes (B), and burrowing
owl burrows were on even shallower slopes (B).
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Table 6. Mean comparisons between sets of grid cells where burrowing owl burrows
were not found and where they were found. Significance of ANOVA tests was denoted by
*for P < 0.05 and ** for P < 0.005.

Burrowing owl burrows

Predictor variable Not found Found )?\ZI-\IVC;I\S?
Mean SD Mean SD
Refuge & nest burrows APWRA-wide
Distance to valley (m) 61.58 37.29 29.25 19.12 48.84**
Distance to ridge (m) 42.19 29.94 45.09 18.40 0.61
Total slope distance (m) 103.77 30.16 74.34 22.01 61.86**
In Distance ratio 0.46 1.63 —-0.53 1.18 23.69**
Elevation (msl) 191.79 97.35 143.43 38.18 16.04**
Elevation difference (ridge — valley) 17.06 12.18 7.71 8.02 38.30**
Gross slope (%) 16 10 9 7 30.85**
Slope at grid cell (%) 18.86 12.19 13.38 8.17 13.12**
In Elevation ratio 0.60 1.67 —-0.27 0.87 17.52**
PC 1, position on slope 0.00 1.00 -0.53 0.62 18.27**
PC 2, slope steepness 0.00 1.00 -0.61 0.63 24.02**
PC3, slope size 0.00 1.00 -0.77 0.93 38.34**
Refuge & nest burrows in Vasco Caves
Distance to valley (m) 59.07 40.60 34.73 23.97 47.02**
Distance to ridge (m) 59.53 41.89 85.80 28.90 51.40**
Total slope distance (m) 118.60 40.99 120.53 33.89 0.29
In Distance ratio 0.01 1.82 -1.12 1.00 50.71**
Elevation (msl) 199.10 45.87 147.02 26.43 168.75**
Elevation difference (ridge — valley) 25.74 14.88 21.47 11.69 10.76*
Gross slope (%) 22 10 18 8 17.26**

Slope at grid cell (%) 27.07 12.55 23.87 9.75 8.50*
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Table 6. Cont.

In Elevation ratio 0.10 1.95 -1.17 1.25 55.85**
PC 1, position on slope 0.00 1.00 -0.74 0.55 72.33**
PC 2, slope steepness 0.00 1.00 —0.47 0.74 29.26**
PC 3, slope size 0.00 1.00 0.27 0.74 9.48*
Nest burrows in Vasco Caves

Distance to valley (m) 59.00 40.58 43.27 33.31 6.16*
Distance to ridge (m) 59.60 41.88 83.37 32.73 13.19**
Total slope distance (m) 118.60 40.97 126.64 40.76 1.58
In Distance ratio 0.01 1.82 -1.01 1.57 12.83**
Elevation (msl) 198.98 45.90 143.56 21.39 59.77**
Elevation difference (ridge — valley) 25.73 14.87 24.83 12.67 0.15
Gross slope (%) 22 10 20 7 1.74
Slope at grid cell (%) 27.06 12.54 24.61 10.63 1.56
In Elevation ratio 0.10 1.95 -1.03 1.36 13.74**
PC 1, position on slope 0.00 1.00 —-0.70 0.75 19.98**
PC 2, slope steepness 0.00 1.00 -0.34 0.69 4.66*
PC 3, slope size 0.01 1.00 —0.21 0.96 6.55*

4.4. Spatial Model to Predict Burrowing Owl Locations

The most efficient DFA models were comprised of fewer variables that correctly classified a higher
percentage of grid cells where burrowing owl burrows were found (Table 7). Elevation difference
contributed to the most efficient models, as did total slope distance and natural log elevation ratio.
Slope size contributed most to the DFA model developed from the PCA scores, followed by slope
steepness and position on the slope. According to this model, grid cells predicted to overlap burrowing
owl burrows also overlapped smaller and shallower slopes closer to the valley bottom.

The most reliable assessment of each model in Table 7 was the percent correct classification of grid
cells with burrowing owl burrows, because grid cells without burrowing owl burrows could have had
owl burrows in the past and might have them in the future (see Figure 7). Burrowing owls shift burrow
locations occasionally, and population turnover will also result in a dynamic spatial distribution
of burrows.

Table 7. The most efficient discriminant function models of grid cells predicted to include
burrowing owl burrows, as well as a DFA model estimated from the PCA scores. All three
models were significant (P < 0.0001).

Percent correct classification of grid cells

Discriminant Functions (standardized canonical Where burrowing owl Total
discriminant function coefficients) burrows were found

Total slope distance (0.77), Elevation difference (0.35) 84.6 67.4
Elevation difference (0.82), In Elevation ratio (0.50) 87.7 62.3
Position on slope (0.48), Slope steepness (0.55), Slope size 72.3 72.8
(0.69)

The DFAs performed reasonably well by correctly predicting 72% to 88% of the grid cells with
burrowing owl burrows, but large numbers of grid cells were predicted to overlap burrowing owl
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burrows. One DFA model correctly predicted 88% of known burrow sites, but also predicted that 38%
of the study area would contain burrowing owl burrows (Figure 10A).

Figure 10. Areas within part of the APWRA predicted to be selected by burrowing owls
for burrow locations based on a Discriminant Function Model (A, magenta) and based on a
Fuzzy Logic Model and surface values >70 (B), where the darker orange depict strongest
prediction (bottom). Boundaries of some burrow mapping areas are shown by dark lines.

Based on our DFA model, the combinations of variables in Table 7 performed about as well as
elevation difference and logio distance to valley using fuzzy logic. These were selected from different
PCs and shared little variation (r = 0.27), so they were reasonably orthogonal. Of the 65 burrowing
owl burrows in the APWRA study area, 57 (88%) were located on the FL surface based on FL values
>10, composing 52% of the study area. Burrowing owl burrows were associated with the fuzzy logic
surface (y° = 33.17, df = 1, P < 0.001), and were mapped in it 1.69 times other than expected, i.e.,
Observed +Expected = 1.69.
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Of the 65 burrowing owl burrows compared to GIS raster layers, 53 (81.5%) were located in the FL
surface with values >70. This likelihood surface was 43.2% of the study area (Figure 10B). Burrowing
owl burrows were associated with the fuzzy logic surface (x*= 38.18, df = 1, P < 0.001), and were
mapped in the FL surface 1.89 times other than expected.

4.5. Spatial Model Validation Using Burrowing Owl Locations in Vasco Caves

The FL surface developed from data collected in other parts of the APWRA correctly predicted the
locations of most of the burrowing owl burrows found in Vasco Caves (Figure 11). The FL surface
covered 40.9% of the burrow study area in Vasco Caves, but overlapped 69% of burrowing owl
burrows found during foot searches in 2006. These burrows overlapped the FL surface 1.68 times
other than expected. Of the nest burrows that were mapped, 63% overlapped the FL surface, or 1.55
times other than expected. Additionally, 61% of the juveniles produced from monitored nest burrows
were from the FL surface, or nearly 1.5 times other than expected.

Figure 11. Most of the mapped burrowing owl burrows at Vasco Caves overlapped the
fuzzy logic surface depicted here in shades of purple.

4.6. Relation of Predicted Burrowing Owl Locations to Wind Turbine Fatalities

Among all APWRA wind turbines, 16.4% (89.6 MW) were in and 83.6% (456.2 MW) were out of
the DFA surface area, and the same percentages characterized the turbines that were searched.
Burrowing owl fatalities were on the DFA surface 1.77 times other than expected (Table 8). The DFA
surface also associated with disproportionately more wind turbine-caused fatalities of red-tailed hawk,
mallard, western meadowlark, and mourning dove (Table 8), indicating turbines moved from this
surface would benefit multiple species.
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Among all APWRA wind turbines, 27.3% (149.7 MW) were in and 72.7% (398.0 MW) were out of
the FL surface area based on surface values >70 (this value chosen as a natural break in surface
values). Among searched wind turbines, 22% of the rated capacity was in the FL surface, and
burrowing owl fatalities were in the FL surface 1.95 times other than expected (Table 8). The FL
surface also associated with disproportionately more wind turbine-caused fatalities of western
meadowlark and mourning dove (Table 8).

Adjusted fatality rate estimates were greater for most bird species within the FL surface during both
1998-2003 and 2005-2007 (Table 9). The fatality rates of burrowing owls and all raptors as a group
were twice as high on the FL surface compared to off the FL surface in 1998-2003, but these
differences lessened in 2005-2007.

Table 8. Fatalities off and on the sampled portions of the DFA and FL (values >70)
surfaces across the APWRA, where the rated wind power capacity of turbines was 364.6
MW (84%) off the DFA surface and 71.5 MW (16%) on the DFA surface, and 340.0 MW
(78%) off the FL surface and 97.8 MW (22%) on the FL surface. Significance of chi-
square values were denoted by t for 0.10 > P > 0.05, * for P < 0.05, and ** for P < 0.005.

Likelihood surface

Discriminant function analysis Fuzzy logic
Obs + Obs +
_ Observed Exp Chi- Observed Exp Chi-
Species fatalities  fatalities square fatalities fatalities square
Golden eagle Off 46 1.04 36 0.92
On 7 0.81 0.39 18 1.27 1.09
Red-tailed Off 166 0.94 146 0.95
hawk On 46 1.32 4.38* 67 1.18 2.03
American Off 47 0.95 37 0.87
kestrel On 12 1.24 0.68 22 1.44 331"
Burrowing owl  Off 49 0.85 34 0.73
On 20 1.77 8.00** 35 1.95 17.78**
Barn owl Off 39 0.95 33 0.92
On 10 1.25 0.58 16 1.28 1.10
Great horned Off 12 0.84 11 0.83
owl On 5 1.80 2.11 7 1.58 1.65
Mallard Off 20 0.72 21 0.86
On 13 2.41 12.76** 12 1.49 2.30
Horned lark Off 21 1.09 15 0.90
On 2 0.53 0.99 8 1.36 0.87
Western Off 70 0.88 57 0.84
meadowlark On 25 1.61 6.85* 39 1.56 8.42**
Mourning dove Off 16 0.58 16 0.66
On 17 3.15 29.74** 18 2.17 13.01**
Raptors Off 403 0.94 331 0.89
On 111 1.32 10.20** 186 1.38 20.92**
Birds Off 828 0.86 695 0.84

On 321 1.71 112.03** 461 1.55 101.66**
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Table 9. Comparisons of adjusted fatality rate estimates within and outside fuzzy logic
likelihood surfaces.

Fatality rates (Fatalitiess MW/yr)

1998-2003 2005-2007

Species Off FL surface On FL surface Off FL surface  On FL surface
Mean SE Mean SE Mean SE Mean SE
Burrowing owl 0.805 0.354 1.630 0.697 1.731 0.300 2.363 0.408
Golden eagle 0.088 0.046 0.121 0.056 0.210 0.044 0.228 0.111
Red-tailed hawk 0.299 0.066 0.270 0.070 0.703 0.096 0.810 0.129
American kestrel 0.839 0.251 2.414 1.355 0.724 0.187 0.751 0.184
Barn owl 0.050 0.015 0.064 0.029 0.194 0.037 0.300 0.093
Great horned owl 0.013 0.006 0.010 0.005 0.053 0.028 0.094 0.034
Mallard 0.075 0.030 0.081 0.041 0.120 0.070 0.049 0.037
Mourning dove 0.000 0.000 0.000 0.000 0.089 0.042 0.126 0.086
Western meadowlark 3.261 1.379 2.073 0.668 2.960 0.435 3.567 0.691
Raptors 2.102 0.745 4517 2.217 3.818 0.812 4.680 1.048
Birds 12.510 6.004 12.405 5.706 15.001 3.839 19.970 5.643

4.7. Non-Spatial Models to Predict Burrowing Owl Fatalities

Estimated fatality rates corresponded with Tier classifications assigned to wind turbines based on
collision hazard ratings for 3 of the 4 raptor species that were used to develop the Tiers (Figure 12).
Fatality rates of burrowing owl were highest in Tier 2 and 3 turbines in 1998-2003, and were highest
in Tier 1 turbines in 2005-2007. Fatality rates of American kestrel were highest in Tier 1-3 turbines in
1998-2003 and in Tier 1 and 3 turbines in 2005-2007. Fatality rates of golden eagle were highest in
Tier 3 turbines in 1998-2003 and in Tier 1 and 2 turbines in 2005-2007. Fatality rates of red-tailed
hawks were highest in Tier 2 turbines in 2005-2007. Turbines in Tiers 1-3 caused the highest fatality
rates of these four raptor species, and composed 22% to 26% of the APWRA’s installed capacity.

5. Discussion

Both discriminant function analysis and fuzzy logic approaches produced predictive models of
burrowing owl locations, and their likelihood surfaces were also where wind turbines Kkilled
disproportionate numbers of burrowing owls. The fuzzy logic approach was more predictive of
burrowing owl fatalities, whereas the DFA approach was more predictive of fatalities of other bird
species. Therefore, focused planning to minimize burrowing owl fatalities by carefully repowering the
APWRA would benefit from using the FL approach combined with the rating system, whereas
planning to minimize the fatalities of a larger suite of species would benefit from using the DFA
approach combined with the rating system.
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Figure 12. Mean fatality rates by collision hazard Tier classification for burrowing owl,
American kestrel, golden eagle, and red-tailed hawk estimated from fatality monitoring in
1998-2003 and 2005-2007 in the Altamont Pass Wind Resource Area. Hatched bars in the
top left graph represent percentages of the APWRA’s installed capacity in each Tier, e.g.,
Tier 1 turbines represented 4.4% and 4.7% of the APWRA’s installed capacity in 1998-
2003 and 2005-2007, respectively.
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Although burrowing owls rely heavily on ground squirrels for constructing their burrows, they were
selective about which of the available ground squirrel burrow systems they used. Burrowing owls
selected ground squirrel burrows on shallower, smaller slopes than average ground squirrel burrow
locations, and toward the bottoms of slopes, but usually just above the flatter portions of terrain
normally regarded as valley bottoms. In the APWRA burrowing owl burrows usually occur on
portions of slopes where an ill-defined boundary exists between the valley bottom and the slope of the
hill, an area we term the valley transition zone. The hypothetical grid cell in Figure 5 exemplifies the
valley transition zone selected by burrowing owls.

Possible reasons for selecting squirrel burrows towards the bottoms of shallower, smaller slopes
include improved visibility for predator detection, improved auditory detection of approaching
predators, improved predator escape opportunities, and improved foraging opportunities. The locations
selected by burrowing owls appeared to offer superior views of the valley bottom, which are often
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patrolled by mammalian carnivores. These sites are also protected from the much stronger and noisier
winds on the upper slopes and ridge crests of the APWRA. Declivity winds are those pushed up the
slope, hence passing over the higher terrain under greater pressure. Burrowing owls located low on the
slope might hear approaching terrestrial predators or volant raptors more often without the distracting,
camouflaging noise of the declivity winds. Similar predation pressure on ground squirrels may explain
why they too have a tendency to site burrow complexes off the upper reaches of ridges. Locations low
on the slope also provide burrowing owls opportunities to find refuge in many neighboring ground
squirrel burrows, but because they are not on the valley bottom and likely receiving more winds than at
the valley bottom, they are likely more capable of getting lift upon takeoff. Finally, prey items might
be more abundant lower on the slope, and this zone might form somewhat of a catch for large flying
insects. Further, focused research of burrowing owls in the APWRA might reveal why burrowing owls
select the lower aspects of shallower, smaller slopes.

The burrowing owl fatality rate at wind turbines in the valley transition zone was twice the fatality
rate outside of it. Wind turbine-caused fatalities of other bird species were also associated with the
valley transition zone, including all raptors as a group and all birds as a group. The generally greater
collision hazard in this zone might be due to the disproportionate number of end-of-row turbines,
which have repeatedly been associated with more fatalities [1,3,9]. Also, birds often fly through the
APWRA using the lowest portions of the landscape, which happens to coincide with the valley
transition zone and valley bottoms. Raptors might often perform predatory attacks in the valley
transition zone because this is where most of the ground squirrel burrows occur, along with many of
their prey items. We speculate that while foraging, raptors may be more susceptible to colliding with
wind turbines because foraging raptors are momentarily fixated on prey items, which may reduce their
cognizance of wind turbines [21].

Another possible reason for greater collision hazard in the valley transition zone relates to wind
turbine density. The APWRA-wide DEM averaged 430.3 grid cells per old-generation wind turbine,
including 843.5 within the valley transition zone, and 255.4 outside the valley transition zone. The
density of wind turbines in the valley transition zone has been 3.3 times lower than outside the valley
transition zone. In 1998-2003, lower density turbine fields associated with disproportionately more
raptor fatalities [9,18], which was consistent with our finding here.

Based on our results and assuming turbine location strongly influences collision hazard, we predict
that moving wind turbines off the FL surface could reduce the fatality rate of burrowing owls 10%-—
22%, golden eagles 3%-9%, American kestrels 1%-34%, all raptors 6%—-24%, and all birds 0%—-9%
(Table 10).

Table 10. Calculated shifts in fatality rates if all wind turbines on DFA or FL surfaces
were moved off the surface.

Percent change in annual APWRA fatalities if all turbines were moved to:

Species Off FL surface Tier 4 and 5 locations
19982003 2005-2007 19982003 2005-2007
Burrowing owl -22 -10 =27 -5

Golden eagle -9 -3 =37 =27
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Table 10. Cont.

Red-tailed hawk +3 -4 -13 -9
American kestrel -34 -1 -51 =13
Barn owl -7 -14 -55 -7
Great horned owl +7 -14 —34 -11
Raptors =24 -6 -36 =7
Birds 0 -9 -16 -8

Relocating turbines rated in Tiers 1, 2 and 3 to locations where they would rate as Tier 4 and 5
turbines could reduce fatality rates of burrowing owls 5%-27%, golden eagles 27%—-37%, red-tailed
hawks 9%-13%, American kestrels 13%-51%, all raptors 7%—36%, and all birds 8%—16%. The wind
turbine rating system performed better than the hazard mapping approach, especially after factoring in
the wind turbine capacity involved in the relocations (Table 11). However, the rating system is more
difficult to implement than the FL or DFA surface maps because moving turbines changes the spatial
arrangement of former and new neighboring turbines, thereby changing ratings of multiple turbines
with every turbine removal or relocation. Nevertheless, relocating Tier 1-3 wind turbines to safer
situations in addition to relocating all turbines from the FL or DFA surface should more substantially
reduce annual fatality rates of burrowing owls and other raptor species. More effective yet would be
careful repowering, where repowered turbines are sited outside the FL or DFA surface and away from
locations associated with Tier 1-3 classifications. After 1.5 years of fatality monitoring at the 38 MW
Buena Vista Wind Energy project, no burrowing owl fatalities were found [10], and after 2.5 years of
monitoring at the 20.5 MW Diablo Winds Energy Project, burrowing owl fatalities were reduced
24% [2]. An important caveat is that golden eagle fatalities have remained relatively numerous at
Buena Vista, but all eagles Killed to date were killed by turbines located in ridge saddles.

The greater efficacy of the turbine Tier classification over the hazard map approach revealed part
of the complexity of factors contributing to avian collisions in the APWRA. Our results support the
finding that burrowing owl fatalities at wind turbines increase with the number of burrowing owl
burrows located nearby the wind turbines [13], but many burrowing owl fatalities also occur at wind
turbines relatively far from burrowing owl burrows.

Table 11. Calculated percent reductions in annual fatalities per MW of wind turbines
relocated from more hazardous to less hazardous parts of the APWRA.

Percent fatality reduction per MW of turbines moved to:

Species Off FL surface Tier 4 and 5 locations
1998-2003 2005-2007 1998-2003 2005-2007
Burrowing owl 0.14 0.06 0.18 0.04
Golden eagle 0.06 0.01 0.25 0.21
Red-tailed hawk -0.02 0.03 0.09 0.07
American kestrel 0.21 0.01 0.35 0.10
Barn owl 0.05 0.08 0.38 0.05
Great horned owl -0.04 0.11 -0.23 -0.08
Raptors 0.15 0.04 0.25 0.06

Birds 0.00 0.05 0.11 0.06
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One of us (KSS) visited the APWRA during evening hours and observed burrowing owls moving
up-slope after sunset to hover and kite in declivity winds as a foraging strategy. Some of the observed
hovering and kiting behaviors were performed at wind turbines, thereby heightening burrowing owl
vulnerability to wind turbine collision. Additional research to identify those portions of the landscape
where burrowing owls most often forage during evening hours would likely generate a superior
collision hazard map that could be more effectively used to relocate existing old-generation wind
turbines and guide the installation of new turbines as part of repowering projects. Such research should
be performed on similar landscape settings with and without wind turbines to learn whether wind
turbines attract burrowing owls for foraging or other reasons.

Additional research is also needed to determine what fraction of the burrowing owl fatalities
detected at wind turbines was caused by predation, and to what degree the wind turbines contributed to
successful predation of burrowing owls. Predation rates might be higher in certain landscape settings
that are also favored for wind turbine installation, thus falsely attributing some burrowing owl fatalities
to wind turbines. A focused study of burrowing owl behavior and predation in the APWRA could
remove uncertainty over cause of death and more effectively guide wind turbine relocations and
installations to reduce burrowing owl fatalities.

Complex ecological relationships influence adverse biological impacts of wind energy generation,
requiring extensive investigations to identify hazardous settings of wind turbines. As California
pursues its 33% RPS and as wind energy generation expands worldwide, ecological investigations will
be needed to identify patterns of behavior and fatalities so that more extensive least-hazards maps can
be developed ahead of wind turbine installations. Otherwise, the environmental cost of wind energy
generation may far exceed the benefits this renewable energy brings, especially considering the vast
areas of wildlife habitat needed to generate a fraction of projected future energy demand. For example,
repowering the APWRA can add 1,000 GWh toward California’s 33% RPS, assuming the new
turbines would share the same capacity factors as the Diablo Winds turbines achieved in 2006 (37%),
but this extra energy would remove only 1.2% of California’s renewable resource gap. Relying on
wind energy to close much of the remainder of the renewable resource gap could threaten many
thousands of raptors annually.
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