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2 May, 2011
Travis Nelson
Washington Department of Fish and Wildlife
Dear Mr. Nelson:
I am a biologist with ABR, Inc.-Environmental Research and Services and I am conducting a site
characterization study for a proposed renewable energy project in forested habitats of north-central Lewis
County and southeast Thurston County, Washington. I write to request information you may have
regarding federal or state endangered, threatened, or rare species, sensitive habitats, and wildlife
considered vulnerable to renewable energy development known to occur in these counties. We have also
submitted a request for digital data on habitat and species information from WDFW.
A meeting has been scheduled with WDFW and other wildlife agencies in early May to discuss the
project and we ask that you treat the project and general location as confidential at this time.
Any consultation/correspondence is greatly appreciated and will be incorporated into our site
characterization study. It is our goal to perform a thorough analysis of environmental concerns within the
potential project area. We will use the information provided by WDFW to help determine the feasibility
of the project and to guide project development in a responsible manner. If possible, we would appreciate
a response within 30 days of receipt of this letter and sooner if at all feasible.
Thank you for your time.
Sincerely,

Peter M. Sanzenbacher
Research Biologist
ABR, Inc-Environmental Research and Services
o: 503-359-7525
c: 541-760-9413
psanzenbacher@abrinc.com

Corporate Headquarters

Anchorage, Alaska

Pacific Northwest

Northeastern U.S.

P.O. Box 80410
Fairbanks, AK 99708
907.455.6777
907.455.6781 (fax)

P.O. Box 240268
Anchorage, AK 99524
907.344.6777
907.770.1443 (fax)

P.O. Box 249
Forest Grove, OR 97116
503.359.7525
503.359.8875 (fax)

15 Bank Street, Suite B
Greenfield, MA 01301
413.774.5515
413.774.5514 (fax)

e-mail: info@abrinc.com

Appendix 1.

ABR, Inc.

website: www.abrinc.com

ABR letter to the Washington Department of Fish and Wildlife requesting information
regarding federal or state endangered, threatened, or rare species, sensitive habitats, and
wildlife considered vulnerable in the proposed Skookumchuck Wind Energy Project
area, Lewis and Thurston counties, Washington, 2011.
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2 May 2011
Jim Michaels
Manager - Conservation and Hydropower Planning Division
U.S. Fish and Wildlife Service
510 Desmond Drive S.E., Suite 102
Lacey, Washington 98503
Dear Mr. Michaels:
I am a biologist with ABR, Inc.-Environmental Research and Services and I am conducting a site
characterization study for a proposed renewable energy project in forested habitats of north-central Lewis
County and southeast Thurston County, Washington. I write to request information you may have
regarding federal or state endangered, threatened, or rare species, sensitive habitats, and wildlife
considered vulnerable to renewable energy development known to occur in these counties.
A meeting has been scheduled with USFWS and other agencies in early May to discuss the project and
we ask that you treat the project and general location as confidential at this time.
Any consultation/correspondence is greatly appreciated and will be incorporated into our site
characterization study. It is our goal to perform a thorough analysis of environmental concerns within the
potential project area. We will use the information provided by the USFWS to help determine the
feasibility of the project and to guide project development in a responsible manner. If possible, we would
appreciate a response within 30 days of receipt of this letter and sooner if at all feasible.
Thank you for your time.
Sincerely,

Peter Sanzenbacher
Research Biologist
ABR, Inc-Environmental Research and Services
o: 503-359-7525
c: 541-760-9413
psanzenbacher@abrinc.com

Corporate Headquarters

Anchorage, Alaska

Pacific Northwest

Northeastern U.S.

P.O. Box 80410
Fairbanks, AK 99708
907.455.6777
907.455.6781 (fax)

P.O. Box 240268
Anchorage, AK 99524
907.344.6777
907.770.1443 (fax)

P.O. Box 249
Forest Grove, OR 97116
503.359.7525
503.359.8875 (fax)

15 Bank Street, Suite B
Greenfield, MA 01301
413.774.5515
413.774.5514 (fax)

e-mail: info@abrinc.com

Appendix 2.

website: www.abrinc.com

ABR letter to the US Fish and Wildlife Service requesting information regarding federal
or state endangered, threatened, or rare species, sensitive habitats, and wildlife
considered vulnerable in the proposed Skookumchuck Wind Energy Project area, Lewis
and Thurston counties, Washington, 2011.
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Response from US Fish and Wildlife Service regarding ABR’s request for information
about federal or state endangered, threatened, or rare species, sensitive habitats, and
wildlife considered vulnerable in the proposed Skookumchuck Wind Energy Project
area, Lewis and Thurston counties, Washington, 2011.
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WDFW database labels
baldeagle_bf
ws_occurpoint_drnonsensitive

ws_mmdetsect
ws_mmadj8sects
ws_owlsitecenters_svgeneralized
ws_occurpoint_drgeneralized

sasi_sv
phsregion_svnonsensitive

Bald Eagle nest buffers

Murrelet detections

Murrelet section locations
Murrelet section buffers

Spotted Owl townships
Townsend’s big-eared bat townships

Salmonid occurrence
Other important habitat/species

Buffers of Bald Eagle nests, communal roosts, and shorelines that fall within a
half-mile of nests.
A subset of the database information for federal and state designated priority
species. For the Skookumchuck SCS excludes species not federally- or state-listed
as threatened or endangered.
Public land survey sections containing murrelet detection locations.
Public land survey sections that fall within a ¾ mile buffer around sections with
murrelet detections.
Locations of Spotted Owl sites generalized to township.
A subset of the WDFW dataset including information for designated priority
species. For the Skookumchuck SCS included only Townsend’s big-eared bat
observations.
Compilation of all wild Salmonid stock inventory data.
Overlapping locations describing the occurrence of priority habitat and species.
Sensitive location information has been generalized to township or section.

Definition

Labels and definitions of map layers found in Appendix 5 and based on information from the Washington Department of Fish and
Wildlife (WDFW) priority habitat and species database. In some cases labels from the database were altered in Appendix 5 to
reflect the specific data of interest.

SCS map labels

Appendix 4.

ABR, Inc.
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Appendix 5.

Map of data products provided by the Washington Department of Fish and Wildlife Priority Habitats and Species Program.
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Photographs of landscape features and habitat characteristics in the proposed
Skookumchuck Wind Energy Project area, Lewis and Thurston counties, Washington,
2011.
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Photopoint 1.

View facing southeast. Habitat is early seral stage coniferous forest and remnant
mid-seral growth.
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Photopoint 2.
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View facing northeast.
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Photopoint 3.

View facing north with area of early seral stage coniferous forest.
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Photopoint 4.
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View facing west with recent clearcut.
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Photopoint 5.

View facing north.

Skookumchuk Site Characterization Study

46

ABR, Inc.

Photopoint 6.
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View facing northwest with early seral stage coniferous forest.
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Photopoint 7.

View facing south with recent clearcut bordered by mid-seral stage coniferous forest.
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Photopoint 8.

ABR, Inc.

View facing east along logging road.
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Photopoint 9.

View facing east to remnant patch of mid-seral coniferous forest.

Skookumchuk Site Characterization Study

50

ABR, Inc.

Photopoint 10.

ABR, Inc.

View facing west to hillside with recent clearcut.
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Photopoint 11.

View facing east.
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Photopoint 12.

ABR, Inc.

View facing north.
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Photopoint 13.

View facing west with small creek and wetland area and associated riparian habitat.
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Photopoint 14.

ABR, Inc.

View facing west with thinned mid-seral stage coniferous forest.
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Photopoint 15.

View facing east along logging road lined with a mix of deciduous and coniferous trees.

Skookumchuk Site Characterization Study

56

ABR, Inc.

Photopoint 16.

ABR, Inc.

View facing south.
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Photopoint 17.

View facing west.
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Photopoint 18.

ABR, Inc.

View facing northwest with remnant patch of mid-seral coniferous forest and larger area
of early seral growth.
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Definitions for federal and Washington state-listed species. Federal definitions derived
from the Endangered Species Act of 1973 (ESA) and state definitions from the
Washington State Legislature species of concern legal definitions and procedures
(Washington Administrative Code 232-12-297).

Federal or state status

Definition

Federal endangered

Any species which is in danger of extinction throughout all or a significant portion
of its range other than a species of the Class Insecta determined by the Secretary
to constitute a pest whose protection under the provision of this Act would present
an overwhelming and overriding risk to man.

Federal threatened

Any species which is likely to become an endangered species within the
foreseeable future throughout all or a significant portion of its range.

State endangered

Defined as “any wildlife species native to the state of Washington that is seriously
threatened with extinction throughout all or a significant portion of its range
within the state" and includes “any group of animals classified as a species or
subspecies as commonly accepted by the scientific community.”

State threatened

Defined as “any wildlife species native to the state of Washington that is likely to
become an endangered species within the foreseeable future throughout a
significant portion of its range within the state without cooperative management
or removal of threats”.

State sensitive

Defined as “any wildlife species native to the state of Washington that is
vulnerable or declining and is likely to become endangered or threatened
throughout a significant portion of its range within the state without cooperative
management or removal of threats”.

State candidate

Defined in Washington Department of Fish and Wildlife Policy M-6001 to
include fish and wildlife species that the Department will review for possible
listing as State Endangered, Threatened, or Sensitive. A species will be considered
for designation as a State Candidate if sufficient evidence suggests that its status
may meet the listing criteria defined for State Endangered, Threatened, or
Sensitive.

Skookumchuck Site Characterization Study
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ATTACHMENT D – Collision Risk Modeling for Marbled Murrelets at the
Skookumchuck Wind Project

Appendix D. Collision Risk Modeling for Marbled Murrelets at the Skookumchuck Wind Project
The collision risk modeling for the Skookumchuck Wind Project was based on the ABR model
(Sanzenbacher et al. 2015) as requested by the USFWS Lacey Field Office. Several modifications were
implemented -- with input from and discussion with USFWS -- for various reasons, such as improving the
ease of application and adjusting for more realistic circumstances. In addition, modifications accounted
for the effects of minimization, i.e., curtailment of wind turbines, on predicted marbled murrelet
fatalities. In addition, modifications accounted for the effects of minimization, i.e., curtailment of wind
turbines, on predicted marbled murrelet fatalities. However, in general, the modified model retained
the essential structure of the original ABR model.
METHODS
As in the ABR model, the predicted fatality rate at a single wind turbine was calculated as the product of:
(1) the exposure rate (the number of murrelets expected to encounter a turbine per unit time); (2) the
non-avoidance probability (i.e., the probability that a murrelet would fail to avoid a turbine that has
been encountered); and, (3) the fatality probability (i.e., the probability that a murrelet will collide with
a turbine that has been encountered and not avoided). Collision is explicitly assumed to result in death;
thus, collision probability and fatality probability are equivalent.
WIND TURBINE DESIGN AND WIND PROJECT LAYOUT
The ABR model was based on earlier plans submitted by the Applicant, which included a total of 51 wind
turbines arranged as two roughly parallel turbine strings on two ridges in the project area (Figure 1). The
turbine design was a Vestas V110 with a 55 m rotor radius and an 80 m high tower. Based on the
Applicant’s current plans, the modified model assumes the project will consist of 38 Vestas V136
turbines, each with a 68 m radius and an 82 m high tower. All 38 turbines will be arrayed in a string
along the southernmost of the two ridges (Figure 2).
Within both models, the turbine design has implications for the horizontal and vertical interaction
probabilities as well as the collision probabilities during operational and non-operational periods; both
of these model features (interaction and collision probabilities) are addressed below. The expected total
number of fatalities across the project depends on expected fatalities at individual turbines and on the
total number of turbines. However, project layout has no explicit representation in either model. That
said, in the modified model, the project layout indirectly has consequences for exposure rates
(described below) at different sets of turbines, and thus the layout indirectly has consequences for
expected project-wide fatalities.
EXPOSURE RATE
Calculation of the exposure rate was based on the estimated passage rate of murrelets through the
project area as well as the horizontal and vertical probabilities of interaction with a wind turbine. Both
of these components (passage rate and interaction probabilities) were modified, though in a manner
consistent with the ABR model.

Because the project plan calls for development on the south ridge only (rather than both the north and
south ridges, as originally proposed), passage rate was re-calculated using data from only those radar
stations that were located on the south ridge, i.e., stations 5 – 10 (Figure 2). Two alternative scenarios
were considered: (1) a uniform passage rate at all stations, i.e., for all 38 turbines along the south ridge;
and, (2) based on further analysis of the radar data, non-uniform passage rates across the south ridge
such that stations 5 and 10 together had higher passage rate than the remaining stations. For the
second scenario, a two-sample t-test was conducted to assess the difference in means between the
group consisting of stations 5 and 10, on the one hand, and the group consisting of stations 6 – 9, on the
other hand. Then in predicting fatality rates, it was assumed that a total of 10 turbines experienced the
higher passage rate, while the remaining 28 turbines experienced the lower passage rate. This
assignment of number of turbines to the two groups was consistent with: (1) the arrangement of
planned turbines in relationship to radar survey stations, such that five turbines are roughly within each
of the surveyed areas at stations 5 and 10 at either end of the turbine string (and correspondingly, 28
turbines are between the two ends); (2) the Applicant’s ability to curtail a total of 10 turbines as part of
its minimization plan; and, (3) the assumption that curtailment would be most effective where passage
rate is highest, i.e., that such curtailment would lead to the greatest reduction in number of murrelets
killed by collision. Otherwise, the collision model has no explicit spatial representation of turbines within
the project, or with respect to the south ridge. Furthermore, if it were shown that another set of 10
turbines had higher passage rate, then a similar model result would hold, namely that curtailment of
those 10 turbines (rather than any other set of 10 turbines) would be the most effective strategy.
Adjustments for post-sunrise passage rate and flock size were applied to the observed pre-sunrise
passage rate, as in the ABR model. First, the adjusted morning passage rate (pre-sunrise + post-sunrise)
accounted for the estimated proportions of pre-sunrise targets (because only pre-sunrise radar data
were used) (i.e., 0.924 for landward-moving targets, and 0.380 for seaward-moving targets). In applying
these post-sunrise adjustments, it was assumed that the proportions of landward and seaward-moving
targets among the pre-sunrise targets over the south ridge were the same as estimated by
Sanzenbacher et al. (2015) for all targets over both ridges. Thus, under the assumption of uniform
passage rate across the south ridge, the unadjusted estimate was 0.6528 targets per morning, and the
adjusted estimate accounting for landward- and seaward-movements as well as post-sunrise targets was
1.32 targets per morning, i.e., 1.32 = 0.6528 × [(0.24/0.61)/0.924 + (0.37/0.61)/0.38]. Second, the
adjustment for number of murrelets per radar target was 1.5, as in Sanzenbacher et al.
PASSAGE RATE ADJUSTMENT FACTORS
In predicting annual fatalities, the ABR model first calculated the number of expected fatalities during
mornings of the peak breeding season and then applied various adjustment factors (Table 4 in
Sanzenbacher et al. 2015) to account for murrelet flights at other times of day during the peak breeding
season and flights in other seasons. Essentially, these adjustment factors accounted for expected diurnal
and seasonal variation in passage rates at times other than when ABR conducted its radar surveys
(mornings during the peak breeding season). Given the structure of the ABR model and the assumptions
of spatially invariant passage rate (the same at all turbines) and temporally invariant avoidance and

collision probabilities (the same at a single turbine irrespective of its operational status), the post hoc
adjustments to the baseline fatality rate were reasonable.
However, in the modified model, passage rates were not invariant across turbines (as described above).
Similarly, avoidance and collision probabilities were not invariant across time of day and season (as
described below). Therefore, the diurnal and seasonal adjustments to passage rate were – in a sense –
applied beforehand, that is, as part of the process of calculating the number of expected fatalities for
each season.
In discussions between the Applicant and the USFWS, the table of adjustment factors used in the ABR
model was refined with respect to both the season definitions and the relative number of flights in some
seasons. The adjustment factors for the ABR and modified models are shown in Tables 1 and 2,
respectively. Table 1 is a revised version of Table 4 in Sanzenbacher et al. (2015), though the revisions
are minor, and the table as a whole retains the overall structure and, presumably, the intent in the
original table. Note that row B1 in Table 1 was implicit in Table 4 of Sanzenbacher et al. and incorrectly
collapsed into both the “daytime flight” and “evening flights” rows (corresponding to rows B2 and B3 of
Table 1, respectively). This error meant that the cumulative adjustment factor for July was 73.97 in
Sanzenbacher et al., but as shown in Table 1, the correct value is 66.65. (Furthermore, Table 4 of
Sanzenbacher et al. incorrectly labeled each of rows B2 and B3 as a “proportion.” Neither were
proportions, and neither of rows B2 and B3 in Table 1 are treated as proportions in the modified model.)
Row C of Table 1 is similar to the next-to-last row in Table 4 of Sanzenbacher et al.; it represents the
expected number of flights in each season relative to flights in the peak breeding season. Otherwise,
differences in cumulative adjustment factors (in the last row) between Table 4 of Sanzenbacher et al.
and Table 1 may be due to round-off errors. For example, in the next to last column representing the fall
molt period, the value 0.07 in Row C may have been rounded up and Sanzenbacher et al. may have
calculated the cumulative adjustment factor using the un-rounded value.
The adjustment factors for the ABR and modified models differ in that Table 1 representing the ABR
model defines the peak breeding season (when daytime and evening flights can occur) to be July only
while the modified model (Table 2) extends that season to include the first nine days of August. On the
other hand, the ABR model considers early August (i.e., August 1 – August 15) to be part of the breeding
season as a whole and excludes the first few days of April from the breeding season, while in the
modified model the breeding season includes all of April but ends on August 9.
Table 1. Adjustment factors for ABR model

Number of days per period

Mar1 –
Apr 3
34

Apr 4 –
Jun 30
88

B1) Morning flights (baseline rate)

1

B2) Daytime flights
(# flights relative to baseline)
B3) Evening flights
(# flights relative to baseline)

Adjustment Factors
A)

31

Aug 1 –
Aug 15
15

Aug16 –
Sep 15
31

Sep 16 –
Oct 31
46

Nov 1 –
Feb 28
120

1

1

1

1

1

1

0

0

0.86

0

0

0

0

0

0

0.29

0

0

0

0

July

C)

Number of flights relative to
main breeding period
D) Cumulative adjustment factor*

0.2

1

6.80

88.00

1
66.65

1
15.00

0.31

0.07

0.24

9.61

3.22

28.80

* The cumulative adjustment factor (row D) was calculated as: D = A × (B1 + B2 + B3) × C

Table 2. Adjustment factors for modified model

Number of days per period

31

Apr 1 –
Jun 30
91

B1) Morning flights (baseline rate)

1

1

1

1

1

1

B2) Daytime flights
(# flights relative to baseline)
B3) Evening flights
(# flights relative to baseline)
C) Number of flights relative to
main breeding period
D) Cumulative adjustment factor*

0

0

0.86

0

0

0

0

0

0.285

0

0

0

0.24

1

1

0.225

0.07

0.24

3.22

25.20

Adjustment Factors
A)

March

7.44

91.00

Jul 1 –
Aug 9
40

Aug 10 –
Sep 30
52

85.80

11.70

Oct 1 –
Nov 15
46

Nov 16 –
Feb 28
105

* The cumulative adjustment factor (row D) was calculated as: D = A × (B1 + B2 + B3) × C

INTERACTION PROBABILITIES
As in the ABR model, the horizontal interaction probability was calculated as the proportion of a
hypothetical radar survey area that would be occupied by a single wind turbine. Implicitly, this
calculation assumes that a bird following a straight-line flight path would, at some point in time, occupy
the same space as the wind turbine. The radar survey area was represented by a rectangle with width
equal to twice the radar range (i.e., 3 km) and height equal to the height of a wind turbine (tower height
plus blade length). In the ABR model, the wind turbine was represented as a simple geometric object
viewed such that the rotor disc was either parallel to the radar survey area, i.e., the rectangle, (Figure 3)
or perpendicular to the rectangle. These two alternative representations were intended to account for
“frontal approach” and “side approach”, respectively. Frontal approach would occur with bird flight that
is either directly downwind or directly upwind, that is, flight parallel with the wind and perpendicular to
the rotor plane. Side approach would occur with crosswind flight, that is, flight perpendicular to the
wind and parallel with the rotor plane. The interaction (or, encounter) probability is calculated as a
proportion (area of wind turbine / area of rectangle) under the assumption that murrelets flying through
the radar survey area (perpendicular to the rectangle) are uniformly distributed (have equal probability
of being at any point within the rectangle). Horizontal interaction probability is maximized with frontal
approach and minimized with side approach.
It is likely that the ABR model did not address oblique approach angles (between frontal and side) for
several reasons. First, at the level of the individual wind turbine, intermediate or oblique approach
angles require more complicated calculations of both interaction probability and conditional fatality

probability. Here, conditional fatality probability refers to the probability of collision, and thus death, for
a bird given that it encounters (or ‘interacts’ with) a wind turbine. Unconditional fatality probability
refers to the composite outcome, that is, the product of the interaction and conditional fatality
probabilities. Second, assessment of project-wide (multiple turbine) fatality accounting for oblique
approach would have led to other complications. It would have required additional analyses of the
distributions of both murrelet flight angles through the project and orientation angles of wind turbines
(the latter based on the distribution of wind direction), followed by calculation of resultant approach
angles.
The modified model focused on frontal approach because the ultimate (i.e., unconditional) fatality rate
was greatest under this scenario and because intermediate or oblique approach angles require more
complicated calculations of both interaction probability and conditional fatality probability. That is,
frontal approach provided the most conservative estimates of take. Horizontal interaction probability
for frontal approach differed in the modified model because the project design specifies a larger turbine
than previously (the Vestas V136 rather than the Vestas V110). Thus, both the frontal area of the
turbine and the height of the survey area rectangle were increased.
The vertical interaction probability in the ABR model was calculated as the proportion of targets
observed on vertical radar that were flying at or below the maximum turbine height (135 m above
ground level for the Vestas V110). For the modified model, a Weibull distribution was fitted to the same
height data and the corresponding cumulative distribution function provided estimates of the
proportions within the rotor-swept zone of the Vestas V136 and below the rotor-swept zone.
AVOIDANCE PROBABILITY
In both the ABR and modified models, avoidance refers to active behavior such that a bird on a flight
path that would otherwise cross through the space occupied by a wind turbine instead changes its flight
path thereby avoiding that space and eliminating the risk of collision.1 Thus, avoidance probability is the
probability, bounded by 0 and 1, that a bird will make such a maneuver. The ABR model considered
three alternative probabilities, namely 0.90, 0.95, and 0.99; Appendix 4 in Sanzenbacher et al. (2015)
addresses the evidence for avoidance probabilities among seabirds in general. Furthermore, the ABR
model made no distinction between avoidance of operational and non-operational turbines; that is, the
model implicitly assumed that avoidance probability (whether 0.90, 0.95, or 0.99) was the same
irrespective of turbine operational status. The modified model considered the same three avoidance
probabilities and, at the request of the USFWS, added a fourth probability, 0.75. In addition, the
modified model allowed independent probabilities for avoidance of operational and non-operational
wind turbines, under the assumption that murrelets would be more likely to avoid non-operational
turbines because the stationary (or very slowly moving rotor) would generally be easier to see. Similar
assumptions about stationary rotors and the stationary components of wind turbines (tower and
nacelle) have been made in other models of bird / turbine collision risk either explicitly (Band 2012;
1

Such behavior may be distinguished from passive avoidance, as when a bird flies through the spinning rotor of a
turbine and by chance – without making any evasive maneuver – safely passes through the rotor disc without
colliding with a blade.

Smales et al. 2013) or implicitly (Bolker et al. 2006, 2014; Eichhorn et al. 2012). That is, these models
have assumed that stationary structures have higher avoidance probability (in some cases, equal to 1)
than active rotors. In brief, the modified model considered fixed avoidance probabilities, independent of
operational status, but also considered combinations of low avoidance during operational periods with
higher avoidance during non-operational periods. For instance, avoidance probability of 0.75 during
operational periods was considered in combination with avoidance probability of either 0.95 or 0.99
during periods when rotors were not turning either due to wind conditions or curtailment.
WIND TURBINE OPERATIONAL AND NON-OPERATIONAL PERIODS
Analysis was conducted on wind data from two on-site meteorological towers. Data were analyzed from
one tower for the period from February 2012 through November 2016 and from the second tower for
the period from February 2015 through November 2016. Wind speeds less than the nominal cut-in
speed (3 meters per second) of the Vestas V136 or greater than the nominal cut-out speed (25 meters
per second) were assumed to represent non-operational conditions. Wind speeds were analyzed for
those periods when murrelets were assumed to be active, in particular, for a three-hour period near
sunrise throughout most of the year (approximately, 1.75 hours before sunrise – 1.25 hours after
sunrise)2, along with day (11:00 AM – 5:00 PM) and evening periods (6:00 – 9:00 PM) during the peak
breeding season (July 1 through August 9). Using these defined periods for murrelet activity, it was
determined that turbines would be active 76.5 to 89.1 percent of the time, depending on season and
time of day (Table 3).
In the ABR model, a single proportion for operational status based on wind conditions was estimated for
the entire year; thus, calculation of annual fatalities required a single adjustment. In the modified
model, fatalities were calculated separately for each period in Table 3 and then summed to yield annual
fatalities. In particular, both collision probabilities (described below) and avoidance probabilities
appropriate for operational and non-operational turbines were applied according to the proportions in
Table 3 In March, for instance, higher collision probability and potentially lower avoidance probability
associated with operational turbines would have applied 89.08% of the time, while lower collision
probability and potentially higher avoidance probability associated with non-operational turbines would
have applied 10.92% of the time. In model scenarios when curtailment (described below) was enabled,
it over-rode the assumed operational status based on wind. As a relatively simple example, consider
curtailment during mornings of the peak breeding season (July 1 – August 9)3. Within the model, that
would enable lower collision probability and potentially higher avoidance probability associated with
non-operational turbines 100% of the time during the morning. In contrast, without curtailment, nonoperational status would occur 23.48% (= 100%  76.52%) of the time during that period (Table 3).
Table 4 summarizes the mean and variability in wind speeds by season and time of day (during the peak
breeding season) over the same period as shown in Table 3 above (i.e., 2012 – 2016). Means are also
2

Given the shifting time of sunrise throughout the year and the limited temporal resolution of the wind data (10minute intervals, at best) the time of the morning period relative to sunrise was necessarily approximate.
3
The Applicant proposes curtailment for the period May 1 – August 9, but the modified model allows simulated
curtailment for other periods in addition to the proposed period.

shown for individual years, in those cases where at least 2/3 of the observations were non-missing; in
2015 and 2016 there were no seasons that had sufficient data according to this criterion.

Table 3. Proportion of time with wind conditions suitable for wind turbine
operation, by season and time of day.
Period
Mar (AM)
Apr 1 – Jun 30 (AM)
Jul 1 – Aug 9 (AM)
Jul 1 – Aug 9 (Day)
Jul 1 – Aug 9 (Evening)
Aug 10 – Sep 30 (AM)
Oct 1 – Nov 15 (AM)
Nov 16 – Feb 28 (AM)

Proportion of Time
0.8908
0.8345
0.7652
0.8065
0.8102
0.8450
0.8964
0.8530

Table 4. Wind speed (m/s) from onsite meteorological towers, by season and time of day.
Overall mean and standard deviation (SD) for the period 2012 – 2016, and annual means for
the period 2012 – 2014 if at least 2/3 of observation periods were non-missing (empty cells
indicate insufficient data: less than 2/3 of observations non-missing).
Time Period
Mar 1 – Mar 31 AM
Apr 1 – Aug 9 AM
May 1 – Aug 9 AM
Jun 1 – Aug 9 AM
Jul 1 – Aug 9 AM
Jul 1 – Aug 9 Day
Jul 1 – Aug 9 Evening
Aug 10 – Sep 30 AM
Oct 1 – Nov 15 AM
Nov 16 – Feb 28 AM

Overall
Mean
9.67
6.03
5.69
5.43
5.70
4.93
5.58
6.20
9.91
8.82

SD
5.27
3.36
3.03
2.81
3.34
2.20
2.79
3.66
4.69
5.19

2012 Mean

2013 Mean

2014 Mean

-5.92
5.70
5.55
5.98
4.92
5.55
5.95
8.89
--

-5.81
5.49
5.31
5.42
4.93
5.62
6.02
---

--------9.30
--

Table 5 compares parameters for the ABR and modified collision models. This table represents a subset
of Table 3 in Sanzenbacher et al. (2015); not all rows from Table 3 are shown in Table 5 because not all
parameters are directly comparable. For instance, the modified model focuses on frontal approach, so
certain parameters pertaining only to side approach are not included.

Table 5. Comparison of exposure rates and fatality probabilities for frontal approach in the ABR and
modified collision models.
Row Parameter

ABR Model

Modified
Model

PASSAGE RATE
A
B
C
D

Mean pre-sunrise passage rate during breeding season1
Correction for post-sunrise targets (targets/day)
Mean number of birds/target
Daily (morning) passage rate (BuC)

0.61
1.23
1.50
1.84

0.65
1.32
1.50
1.98

HORIZONTAL INTERACTION PROBABILITY (HIP)
F
G
H
I
J
K
L
N
P
Q
S

Turbine tower height (m)
Average turbine tower diameter (m)
Nacelle length (m)
Nacelle height (m)
Nacelle width (m)
Rotor and blade radius (m)
Average blade width (m)
Bird buffer zone (half of murrelet wingspan)
Maximal front profile area (m2)
Cross-section sampling area of radar at or below turbine
height [3000 m u (F+K)]
Maximal horizontal interaction probability (P/Q)

80
5
10.4
4
3.9
55
3
0.21
9,709.57
405,000

82
5
12.8
4
4.2
68
0.21
14,692.47
450,000

0.02397

0.0326

0.38

0.402

0.0168

0.0258

0.8256

0.76524

0.1059

0.0428

0.1625

0.0500

VERTICAL INTERACTION PROBABILITY (VIP)
T

Proportion of murrelets flying below turbine height
EXPOSURE RATE (ER = PR u HIP u VIP)

U

Daily exposure rate (D u S u T)
FATALITY PROBABILITY (FP)

V
X
Y
1

Proportion of time turbines expected to operate during the
morning activity period
Probability of striking turbine if in airspace on frontal
approach (non-operational turbine)
Probability of striking turbine if in airspace on frontal
approach (operational turbine)

Passage rate for the ABR model represents both ridges; passage rate for the modified model represents the south
ridge only. The modified model also included scenarios with non-uniform passage rates across the south ridge:
0.9167 for 10 turbines and 0.5208 for 28 turbines.
2
The modified model assumed that the proportions of pre-sunrise landward and seaward targets across the south
ridge were the same as across both ridges, and it assumed that the corrections for post-sunrise targets were the
same as for the ABR model.
4
Value is for mornings during peak breeding season (July 1 – August 9); see Table3 for proportions throughout the
year.

Figure 1. Original wind turbine layout and radar survey stations on both ridges.

Figure 2. Proposed wind turbine layout and radar survey stations on south ridge.

Figure 3. Diagram representing the frontal view of a wind turbine within the radar sample area. The
horizontal interaction probability was calculated as the proportion of the radar sample area occupied
by the wind turbine.
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POPULATION VIABILITY ANALYSIS FOR MARBLED MURRELETS
AT SKOOKUMCHUCK WIND PROJECT:
ASSESSMENT OF IMPACTS OF INCIDENTAL TAKE
INTRODUCTION
The proposed Skookumchuck Wind Energy Project in western Washington is located between the coast
and potential marbled murrelet nesting habitat farther inland. In addition, historical records indicate
murrelets nesting on lands adjacent to the project. In a previous study, Sanzenbacher et al. (2015)
conducted early morning radar surveys at the project during two breeding seasons and estimated a
mean passage rate of 0.61 marbled murrelet targets per day per radar station. Using a collision risk
model (hereafter, referred to as the ABR model) they had developed previously, Sanzenbacher et al.
predicted mean annual fatalities ranging from 0.1238 to 3.2189 murrelets per year at the project,
depending on assumptions about flight approach angle and avoidance probability.
Several modifications of the ABR model were implemented (Section 5.1.2.2) to reflect more accurate
biological conditions and collision scenarios, while retaining the basic structure of the original model.
These modifications include fewer wind turbines in the project, a larger turbine design, refinement of
both the horizontal and vertical “interaction probabilities”, reduced collision probabilities based on an
established model for active rotor collision risk and explicit, realistic assumptions about stationary rotor
collision risk, seasonal estimates of wind speed and associated turbine operational status, inclusion of a
more conservative value for avoidance probability, and refined estimates of murrelet passage rate
through the wind project. In addition, selective curtailment of a subset of wind turbines was
implemented in the modified model, intended to reflect part of a broader proposed minimization
strategy.
Previously conducted marbled murrelet PVAs have all recognized that murrelet populations are
declining but also that some details of murrelet life history are poorly understood. Most previous efforts
have relied on matrix population modeling (Caswell 2001) in which projected population size depends
directly on a population’s estimated vital rates, in particular, age- or stage-specific fecundity and survival
probability. Most of these studies have not explicitly modeled extrinsic factors that may contribute to
population growth rate; that is, most models have focused on intrinsic factors – the vital rates. There are
four notable exceptions to that approach. Akçakaya (1997) addressed the effect of logging on murrelet
population growth, implemented as reduction in carrying capacity in a density dependent model. The
effects of oil spills and gill net bycatch were modeled by McShane et al. (2004), implemented by
removing individuals in direct proportion to the age distribution. Peery and Henry (2010) examined the
effect of corvid predation on murrelet nests − effected in the model by reducing fecundity − as well as
the potential benefits of corvid population management. More recently, Peery and Jones (2016)
assessed the impacts of several alternative forest management practices on the viability of murrelet
populations in the state of Washington. There are no known publicly available PVAs that examine the
effects of wind energy development on murrelet populations.
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The current analysis follows previous analyses in assessing murrelet population viability using a stagebased matrix approach. While generally consistent with most of these previous studies, the current
analysis relies heavily on the population parameters in McShane et al. (2004) and the implementation of
random variation is most similar to that in Akçakaya (1997). Annual take due to collision with wind
turbines is implemented by direct removal of individuals prior to the annual update in the stage-specific
population distribution. This approach allows assessment of the population-level impacts due to
incidental take. Further details are described in Methods below. The analysis described here does not
incorporate the effects of mitigation, though mitigation strategies, including the preservation of
breeding habitat, would be expected to offset the impacts of incidental take.


Figure 1. Location of Skookumchuck Wind Energy Project (red line represents minimum convex
polygon around proposed turbine locations1) in relation to the boundary between marbled
murrelet Conservation Zones 1 and 2 (Zone 1 lies north of the boundary; Zone 2 lies south).

METHODS
Populations – Zones, Estimated Sizes, and Growth Rates
Based on the project location in relation to the boundary between Conservation Zones 1 and 2 (Figure
1), it was assumed that murrelets representing a discrete population could fly through the project area.

)URPDSUHYLRXVSURMHFWSURSRVDOLQFOXGLQJWXUELQHVRQWZRULGJHV7KHFXUUHQWSURMHFWSODQLQFOXGHVWXUELQHV
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The population of interest was either that in Zone 1, Zone 2, Washington (Zones 1 and 2 combined), or
the Distinct Population Segment (DPS; the combined population in Washington, Oregon, and California).
Correspondingly, the potential impacts of collision fatalities on each of these four populations were
assessed independently.
Population estimates based on at-sea surveys for the period 2001 – 2015, inclusive, were taken from
Lynch et al. (2016, Table 3). While Lynch et al. (2017) report more recent results from 2016, no surveys
in that year were conducted in Zone 2. Furthermore, throughout the DPS, complete surveys were
conducted only for the period 2001 through 2013. Trends for each of these populations were estimated
as in Falxa and Raphael (2015); in particular, simple linear regression was employed to model the logtransformed population estimates as a function of time (Figure 2). Fitted regressions indicated declining
populations (Table 1). Note that the confidence interval for the slope estimate for each of Zone 2 and
the DPS includes 0; that is, the at-sea survey results provide weak evidence that these populations are
declining and, instead, could be stable or increasing. The slope estimates as well as the 2015 predicted
population sizes were used in population projections, as described below.

Table 1. Results from regression models fitted to at-sea survey data. The slope estimate
provided the growth rate and the 2015 predicted value provided the initial size for
each modeled population. L95 and U95 are the lower and upper 95% confidence
limits for slope, respectively.
Population

Estimate
−0.0545
−0.0287
−0.0453
−0.0121

Zone 1
Zone 2
WA
DPS

Slope
L95

U95

−0.0882
−0.0794
−0.0707
−0.0293

−0.0207
0.0221
−0.0198
−0.0051
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Predicted Value for 2015
4,114
1,596
5,949
17,999
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(a)

(b)

(c)

(d)

Figure 2. Population estimates (blue circles) based on at-sea surveys and fitted regressions (red lines)
for (a) Zone 1, (b) Zone 2, (c) Washington, and (d) the Distinct Population Segment.

Projection Matrix and Baseline Vital Rates
For population projection, marbled murrelets were modeled as having a life cycle with seven stages,
where the first six stages corresponded to age classes and the last stage represented the oldest class. As
modeled, each year individuals in each of the first six stages transitioned into the next stage, while
individuals in the seventh stage remained in that stage. This seven-stage model represents a
compromise between the three- or four-stage models frequently used for modeling marbled murrelets
(Beissinger 1995, Akçakaya 1997, Boulanger et al. 1999, Peery et al. 2006, Beissinger and Peery 2007)
and the 25-age model of McShane et al. (2004). The seven-stage model retains the age-related
specificity concerning fecundity in the McShane et al. model, rather than collapsing details into a single,
or perhaps two, breeding stages. At the same time, the seven-stage model has relative simplicity similar
to that of the even smaller stage-based models, avoiding the large size (and the associated accounting
tasks) of the full age-classified model. As noted by McShane et al., the last stage in this type of stagebased model has indefinite survival, and consequently sacrifices some realism and precision compared
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to the age-based model. On the other hand, the dynamics of the full age-classified model depend on the
maximum age (e.g., whether 25 or 30 years). Furthermore, stochastic simulations for a large age-based
model are potentially much more complicated than for a comparable, but smaller stage-based model.


Figure 3. Life cycle graph and corresponding projection matrix for marbled murrelet population.

The life cycle graph and projection matrix for the model are shown in Figure 3; Fi and Pi represent
fecundity and survival probability, respectively, for the ith stage. Note that stage indices do not represent
age; because the model assumes a post-breeding census (see below), stage 1 individuals are young of
the year, those in stage 2 are one year old, etc. Only females were modeled, as for matrix population
models generally (Caswell 2001), and for simplicity a 50:50 sex ratio was assumed. In this model,
murrelets first breed at age two (stage 3), and all older birds are also potential breeders.
Mean stage-specific survival probabilities, Pi, followed Beissinger (1995), McShane et al. (2004) and
other authors in which survival of breeding-age adults (individuals three years old and older) was 0.875,
while survival probabilities of one- and two-year olds were 0.612 and 0.777, respectively, i.e., 70% and
88.8% of adult survival. Mean stage-specific fecundities were calculated as in McShane et al. (2004); for
the ith stage, Fi = Pi u mi u b u f, where mi was the proportion of females in stage i that were sexually
mature, b was the proportion of mature females that bred in a given year, and f was fledging success.
Both b and f were assumed to be the same for all breeding stages. The breeding proportion, b, was 0.9
in most years but was 0.5 occasionally, intended to represent fewer birds breeding in El Niño years
when less food is available. As in McShane et al., the smaller b value occurred with probability 0.12,
effected by sampling from a Uniform (0, 1) distribution. Thus, the mean breeding proportion over time
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was b' = (0.12)(0.5) + (0.88)(0.9) = 0.852. Initial fledging success was set at f = 0.23 females per adult
female, the mid-point of the range in nest success considered by McShane et al. (2004). Initial fledging
success was adjusted for each population, as described below. Breeding adult survival, Pi, appears in the
fecundity terms because this model reflects a post-breeding census, that is, it assumes that stagespecific counts are made after breeding. Following a census, adults must survive most of the year and
then breed in order to produce young that will be counted in the next census. This representation is
consistent with the timing of at-sea counts, conducted after young of the year have fledged, and with
previously published matrix models for marbled murrelets (e.g., Beissinger 1995, Boulanger et al. 1999,
Peery and Henry 2010).
Initial fledging success was adjusted separately for each population to yield stochastic growth rate equal
to the empirical growth rate based on at-sea surveys (Figure 2). Fledging success was chosen for
adjustment because of the uncertainty in that parameter relative to other demographic parameters. The
population was projected forward in time with environmental stochasticity enabled (see below),
stochastic growth rate was calculated, and mean fledging success was adjusted upward (or downward) if
growth rate of the simulated population was less than (or greater than) the empirical growth rate.
Stochastic growth rate was calculated as
=∑

−1 ,

ln

(Eq. 1)

where Tqe was the time to quasi-extirpation at the 1/4 threshold and Nt was the total population size at
time t. That is, r was the mean one-time-step growth rate. Through iterative population projection and
mean fledging success adjustment, the stochastic growth rate was adjusted until it equaled empirical
growth rate. The adjusted mean fledging success values, fz1, fz2, fWA, and fDPS, and the corresponding
matrix fecundity elements are shown in Table 2.
Population growth in this model was exponential, in common with many preceding murrelet population
models (e.g., Beissinger 1995, Boulanger et al. 1999, Boulanger 2000, McShane et al. 2004, Peery et al.
2006, Beissinger and Peery 2007). That is, there was no density dependence; equivalently, there was no
compensation in either survival or fecundity in response to changes in total population size or to
changes in size of any particular stage.
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Table 2. Stage-specific mean survival probability (Pi), proportion of sexually mature individuals (mi),
mean fledging success (f), and mean fecundity (Fi). Calculation of Fi accounts for the mean
breeding proportion (0.852). Population-specific f values designed to yield stochastic growth
rates equal to empirical growth rates.
Stage, i

Survival, Pi

1
2
3
4
5
6
7

0.612
0.777
0.875
0.875
0.875
0.875
0.875

Proportion
mature, mi
0
0
0.1
0.6
0.75
0.9
1

Zone 1

Zone 2

WA

DPS

fz1

Fi

fz2

Fi

fWA

Fi

fDPS

0
0
0.227
0.227
0.227
0.227
0.227

0
0
0.0169
0.1015
0.1269
0.1523
0.1692

0
0
0.330
0.330
0.330
0.330
0.330

0
0
0.0246
0.1476
0.1845
0.2214
0.2460

0
0
0.261
0.261
0.261
0.261
0.261

0
0
0.0194
0.1167
0.1459
0.1751
0.1946

0
0
0.383
0.383
0.383
0.383
0.383

Fi
0
0
0.0286
0.1713
0.2141
0.2570
0.2855



Environmental Stochasticity
Modeled environmental stochasticity is meant to capture the notion that environmental conditions
(e.g., weather) vary over time and that these changes will have effects on survival or fecundity or both.
For instance, survival of all stages may depend on variable food sources. Similarly, survival of nestlings
may be lower when weather is cool and wet. Typically, this kind of variation is modeled as a random
process (even though, in some cases, environmental changes may have underlying deterministic
patterns).
Here, environmentally driven random variation in vital rates was implemented in a manner similar to
that described in Akçakaya (1997). Both stage-specific survival probability and fledging success were
assumed to be subject to random variation, and both were assumed to follow Beta distributions. The
general Beta distribution is often regarded as appropriate for survival probability because probability is
restricted to the closed interval [0, 1]. For marbled murrelets, fledging success is also restricted to the [0,
1] interval because murrelets raise a maximum of one fledgling in a breeding season (McShane et al.
2004). Thus, the Beta distribution is appropriate in this circumstance (if more than one offspring were
possible, then another distribution would be appropriate). Mean values were those shown in Table 2 for
survival (Pi) and fledging success (fz1, fz2, fWA, and fDPS).
For the populations in Zones 1 and 2 and Washington, the coefficient of variation in survival was
assumed to be greatest for Stage 1 (CV = 20%), somewhat lower for Stage 2 (CV = 15%), and lowest for
the breeding stages (CV = 10%). This pattern age-dependent survival variance was chosen to be
consistent with life-history theory (Stearns and Kawecki 1994) and related observations that survival
variability tends to be greater for younger age classes in a variety of species (Pfister 1998; Gaillard and
Yoccoz 2003). The assumed coefficient of variation in fledging success was 25%2. Variance was

2

Note that assumed CV’s for survival were somewhat higher than the 3% - 10% explicitly assumed by Akçakaya
(1997) and the 7% - 10.4% implicitly assumed by Peery and Jones (2016). The CV in fecundity in the current
modeling is not directly comparable with that reported in either Akçakaya (1997) or Peery and Jones (2016) where
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calculated secondarily based on the assumedcoefficient of variation. For example, the mean of P2 was
= 0.777 and, thus, its variance was
= (0.15 u 0.777)2 = 0.0136; similarly,
= 0.241 and
=
(0.25 u 0.241)2 = 0.0036. For the DPS, the stage-specific patterns in coefficients of variation in survival
and fledging success were similar to those for the other three populations. However, the coefficients
were halved in order to avoid extreme variation in population size; that is, CV = 10% for Stage 1 survival,
CV = 7.5% for Stage 2 survival, CV = 5% for survival of breeding stages, and CV = 12.5% for fledging
success.
The means and variances of survival and fledging success were transformed to Beta distribution
parameters, D and E (Casella and Berger 2002), using the relations
=

(

)

−1

= (1 − )

and

(

)

−1

Beta distribution parameters for survival and fledging success are shown in Table 3.
Variation in vital rates was assumed to be correlated, as expected when different stages experience
similar environmental conditions. Fledging success correlations were 0.6 among all breeding stages,
while survival probability correlations varied as shown in Figure 4.
Table 3. Beta distribution parameters for survival
probability and fledging success.
Parameter
D
E
P1
P2
P3 − P7
fz1
fz2
fWA
fDPS

9.08
9.13
11.62
12.14
10.39
11.56
39.10

5.74
2.62
1.66
41.34
21.09
32.74
63.00



1
⎡0.8
⎢
⎢0.6
= ⎢0.6
⎢0.6
⎢0.6
⎣0.6

0.8
1
0.8
0.8
0.8
0.8
0.8

0.6
0.8
1
0.9
0.9
0.9
0.9



0.6
0.8
0.9
1
0.9
0.9
0.9

0.6
0.8
0.9
0.9
1
0.9
0.9

0.6
0.8
0.9
0.9
0.9
1
0.9

0.6
0.8⎤
⎥
0.9⎥
0.9⎥
0.9⎥
0.9⎥
1⎦

Figure 4. Survival probability correlation matrix.


variability was imposed on the composite fecundity term: 20% - 50% in Akçakaya (1997) and 52% - 55% in Peery
and Jones (2016). In this study, variability in fecundity was due to the separate contributions of variability imposed
on fledgling success and survival of breeding adults.
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For example, the correlation between P1 and P2 was 0.8, and the correlation between P3 and P4 was 0.9
(Figure 4). Few, if any, software packages have the facility to directly generate correlated Beta (i.e.,
multivariate Beta) random variates. Therefore, the procedure recommended by Dias et al. (2008) was
used. In brief, random variates were generated from the multivariate standard normal distribution with
correlations as specified in Figure 4 (note that because variances all equal one, the correlation matrix is
also the covariance matrix). These random variates were then converted to probability values using the
cumulative distribution function for the standard normal distribution. Lastly, these probabilities were
converted to quantiles from the appropriate Beta distributions using the inverse cumulative distribution
functions with the means and variances from Table 3. The result was a set of random variates from the
desired Beta distributions (Table 3) with the desired correlations for survival (Figure 4) and, separately,
for fledging success (U = 0.6 in all cases).
Correlation between survival probability and fledging success was not controlled explicitly, but fecundity
elements include survival probabilities of breeding adults, consistent with the post-breeding census
assumption, as noted above. Therefore, moderate correlation was automatically introduced between
stage-specific survival and fecundity.
Demographic Stochasticity
Demographic stochasticity accounts for the fact that – in the real world – birth and death processes
necessarily involve integer numbers – e.g., each individual either survives to the next year or not.
However, in a matrix population model without demographic stochasticity, if adult survival is 0.875 and
there are 100 adults in a population in year t, the mechanics of matrix multiplication yield 87.5 adults in
year t+1. Treating survival and fecundity as particular kinds of random processes yields integer
outcomes but introduces additional variability into population dynamics. Generally, the effects of
demographic stochasticity become more prominent with progressively smaller population sizes; for
large populations the effects tend to be negligible (Caswell 2001).
The model for marbled murrelet population growth assumed that demographic stochasticity was
operative at all population sizes. Both survival and fecundity were treated as Bernoulli processes – the
outcome for an individual was either 0 (death, or no fledgling) or 1 (survival, or production of a
fledgling). Applied to multiple individuals simultaneously, this process was modelled by generating
random variates from a Binomial (n, p) distribution where n was the number of individuals in a particular
stage in a given year and p was the survival probability or the fecundity (treated as the probability of
producing an offspring).
In greater detail, calculating the number of individuals surviving and transitioning into stage i at time
t+1, ni, t+1, depended on the stage in question. For stages 2 – 6, ni, t+1 ~ Binomial(ni-1, t , Pi-1 ). For instance,
the number of individuals in stage 2 depended on both the number of individuals in stage 1 in the
previous time step and the survival rate for stage 1, P1. For stage 7, the number of individuals at time t+1
depended on the number of individuals in both stages 6 and 7 at time t and the respective survival
probabilities (Figure 3). Thus, two binomial random variates were generated and then summed; if n7a ~
Binomial(n6, t , P6) and n7b ~ Binomial(n7, t , P7), then n7, t+1 = n7a + n7b.
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With respect to fecundity, calculating the number of fledglings in stage 1 required summing five
binomial random variates because there were five breeding stages. Considering two-year old (Stage 3)
breeders, the number of offspring they produced was n1a ~ Binomial(n3, t , F3). That is, the two-year old
contribution to the number of fledglings at time t+1 depended on the number of two-year-olds at time t
and their fecundity. Generating random variates similarly for the other four breeding stages [n1b ~
Binomial(n4, t , F4), n1c ~ Binomial(n5, t , F5), etc.] and then summing all five random variates yielded the
total number of fledglings at time t+1 (n1, t+1 = n1a + n1b + n1c + n1d + n1e).
Incidental Take
In their collision risk model for the Skookumchuck Wind Energy Project, Sanzenbacher et al. (2015)
estimated that the average number of annual collision fatalities was 3.2189 marbled murrelets or less.
For this analysis, predicted annual collision fatalities were obtained from the modified ABR model
(Section 5.1.2). Fatalities were predicted for two alternative scenarios both of which assumed 38
turbines in the project, all along the south ridge, frontal approach (the riskier of the two approach
angles addressed by the ABR model), and higher murrelet passage rate was assumed to occur at 10 of
the turbines while lower passage rate occurred at the remaining 28 turbines (based on re-analysis of the
radar data). In the first scenario, the avoidance probabilities were 0.90 for operational turbines and
0.99 for non-operational turbines. In the second scenario, the avoidance probabilities were 0.75 for
operational turbines and 0.95 for non-operational turbines. The first scenario, considered the most
likely among alternatives, yielded predicted annual fatalities of 0.97043 murrelets. The second scenario
yielded predicted fatalities of 2.4962 murrelets per year; this scenario was more conservative in terms
of avoidance probability. Furthermore, the prediction from this scenario is used as the requested take
level for the ITP.
For demographic modeling, the predicted fatalities from these two scenarios were halved to account for
the female portion of the population. Each prediction was treated as a mean value which remained
constant for the 30-year duration of the ITP. While the mean was constant, in simulations the realized
take varied randomly according to the Negative Binomial distribution with specified mean and variance.
In particular, the variance was set at three times the mean value. This parameterization was chosen to
approximate the observed distributions of fatalities in independent collision modeling conducted by
WEST. Note that Sanzenbacher et al. (2015) suggested using the Poisson distribution, in which the
variance is equal to the mean. In preliminary modeling, both the Poisson and the Negative Binomial
distributions were examined since both generate integer counts. The Negative Binomial was found to be
somewhat more conservative in that the greater annual variability in take led to slightly greater impacts
on populations than when take values were generated by the Poisson.
In simulations, for each year, a random variate was generated from the appropriate Negative Binomial
distribution. This value was interpreted as the total take for that year. Total take was then allocated

'XHWRDQHUURULQFRPSLOLQJUHVXOWVIURPWKHPRGLILHGFROOLVLRQPRGHOWKHWDNHYDOXHXVHGLQWKH39$IRUWKLV

VFHQDULRZDVUDWKHUWKDQDVUHSRUWHGLQ6HFWLRQLHDERXWVPDOOHUWKDQLWVKRXOGKDYH
EHHQ7KXVWKHLPSDFWVRIWKHWDNHXQGHUWKLVVFHQDULRUHSRUWHGLQ5HVXOWVDUHVOLJKWO\XQGHUHVWLPDWHGEXWJLYHQWKH
JHQHUDOO\VPDOOLPSDFWV GHWDLOHGEHORZ DQGWKHLQKHUHQWVLPXODWLRQYDULDWLRQLWLVXQOLNHO\WKLVGLIIHUHQFHZRXOG
EHGHWHFWDEOH5HVXOWVIRUWKHUHTXHVWHGWDNHZHUHXQDIIHFWHGE\WKLVHUURU
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among all stages in proportion to stage abundance. More specifically, random variates were generated
from the multinomial distribution, in which probabilities were equal to the current stage distribution,
expressed as proportions. For instance, assume a simple case of take allocated among just two stages
with current counts of 120 and 180 (and total count of 300); then, the corresponding multinomial
probabilities were 0.4 (= 120/300) and 0.6 = (180/300). As a consequence, larger (more numerous)
stages were more likely (though not guaranteed) to experience more take than smaller stages.
Take was subtracted from the population vector before the breeding pulse, i.e., before the young of the
year had been added to the population4.
Simulation Procedure
To begin a simulation, the initial population was calculated as the population in year 2015 predicted
from the regression model for the at-sea surveys (Figure 2), halved to account for females only. The
predicted 2015 population was taken to be a reasonably conservative initial population size given the
substantial variation in at-sea survey estimates, which reflect sampling variation as well as intrinsic
variation in population size. The initial female population sizes were 2057 for Zone 1, 798 for Zone 2,
2975 for Washington, and 9000 for the Distinct Population Segment. After adjusting fledging success for
each zone (see Projection Matrix and Baseline Vital Rates), the corresponding stable stage distribution
was calculated as the dominant eigenvector of the deterministic projection matrix. Then, the total initial
population was allocated to the seven stages according to the stable stage distribution.
In the absence of demographic stochasticity, the population was projected forward in time using
standard matrix multiplication. The population at the next time step, t+1, was calculated as
nt+1 = At nt - Wt , where At was the projection matrix (as in Figure 3) though time-dependent (reflecting
environmental stochasticity) with new elements generated at each time step, nt was the population
vector at time t (i.e., a vector of the number of individuals in each stage), and Wt was a stage- and timespecific vector of incidental take generated randomly as described above (see Incidental Take).
With both environmental and demographic stochasticity enabled, matrix multiplication was not used in
projection. Rather, the new population vector, nt+1, was produced by generating random variates from
the appropriate Binomial distribution, and – for each of stages 1 and 7 – summing as needed to yield the
total number of individuals (see Demographic Stochasticity). The input probabilities for the Binomial
distributions were the time-dependent elements of At, as discussed in the preceding paragraph.
Since all populations had negative growth in all scenarios, populations were projected forward in time
until they were completely extirpated. However, summaries of results were based on four alternative
quasi-extirpation thresholds. Time to quasi-extirpation was stored along with the complete population
trajectory (including sizes of all stages in each year) and the complete history of take.



,PSDFWVRIWKHWDNHVXPPDUL]HGLQWKH5HVXOWVVHFWLRQUHSUHVHQWRULJLQDOVLPXODWLRQVLQZKLFKWDNHZDVVXEWUDFWHG
DIWHU±UDWKHUWKDQEHIRUH±WKHEUHHGLQJSXOVH+RZHYHUDVXEVHWRIVLPXODWLRQV IRUWKHFRPELQHGSRSXODWLRQLQ
:DVKLQJWRQ VKRZHGQRGLVFHUQLEOHGLIIHUHQFHVLQNH\PHWULFV PHDQSRSXODWLRQVL]HWLPHWRTXDVLH[WLUSDWLRQDQG
SUREDELOLW\RITXDVLH[WLUSDWLRQ ZKHWKHUWDNH ERWKWKHH[SHFWHGDQGUHTXHVWHGWDNH ZDVVXEWUDFWHGEHIRUHRUDIWHU
WKHELUWKSXOVH'LIIHUHQFHVLQPHWULFVZHUHDVOLNHO\WREHJUHDWHUWKDQ]HURDVOHVVWKDQ]HURLHZLWKLQVLPXODWLRQ
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Separate simulations were conducted for each of the four populations (Zone 1, Zone2, Washington, and
the Distinct Population Segment). This analysis did not address a meta-population with migration
between Zones 1 and 2, nor between Washington and zones farther south. Separate simulations were
conducted for each combination of zone (4 levels) and take (3 levels including 0 take, for comparison),
yielding 6 combinations of input conditions. The simulation for each combination consisted of 100,000
repetitions of population projection through time. As described above, each of the population
projections began with an initial population vector based on the predicted population size in 2015, and
ended with extirpation.
Metrics for Assessing Impact of the Take
Several metrics were used to compare populations without take and those with potential incidental take
due to the Project. Because projected populations were declining, key metrics were the mean and
median times to quasi-extirpation, that is, the average and typical times to reach a fixed threshold
population size. Four alternative quasi-extirpation thresholds were examined: 1/4, 1/8, 1/16, and 1/32
of the initial size of each population. For instance, for an initial population of 1,000, the 1/4 threshold
would be 250. A related metric was the probability of quasi-extirpation (for each threshold size),
calculated as the proportion of simulated population trajectories (out of 100,000) that had fallen below
the specified threshold for each year of the simulation. Finally, mean and median population sizes as a
function of time were calculated across the 100,000 iterations.
RESULTS
Marbled murrelet populations are declining, in both Zones 1 and 2, in the state of Washington (Zones 1
and 2 combined), and as the Distinct Population Segment (Figure 2). Even if growth rate were strictly
deterministic (neither environmental nor demographic stochasticity) and if there were no take,
assuming no change in current conditions, these populations would ultimately be extirpated. Including
demographic and environmental stochasticity introduced variability into individually simulated
population trajectories (Figure 5, gray lines), though the mean trajectories (Figure 5, blue lines) were
consistent with the underlying exponential growth model.
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Figure 5. Simulated populations without take for (a) Zone 1, (b) Zone 2, (c) WA, and (d) DPS. In each plot,
the gray lines show 1,000 simulated population trajectories, and the blue line shows the mean
population calculated from 100,000 simulated trajectories.

Mean and median times to quasi-extirpation were shorter for simulated populations experiencing take
(Table 4); that is, populations experiencing take reached the quasi-extirpation threshold more quickly
than populations without take. For instance, for the Zone 1 population and a threshold of 1/4 the initial
population size, mean time to quasi-extirpation without take was 27.06 years, but with annual mean
take of 0.9704 murrelets/year (the expected take level), mean time to quasi-extirpation was 26.91 years,
and with annual mean take of 2.4962 murrelets/year (the requested take level) mean time to quasiextirpation was 26.61 years. In general, the decrease in time (comparing the requested take to no take)
was one year or less in Zone 1 and in both zones combined. In Zone 2, imposing the expected take led to
decreased time to extirpation of one to two years, while imposing the requested take led to differences
of two to three years compared to no take. The greater effect on the Zone 2 population was likely a
consequence of both its smaller initial size and its less negative growth rate (smaller in absolute value);
thus, annual take represented a greater proportion of the population. On the other hand, because the
Zone 2 population did not decrease as rapidly as the Zone 1 or the Washington (its growth rate was
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closer to 0), the mean time to quasi-extirpation was much greater than in the other populations. Times
to quasi-extirpation were greater than 100 years in the DPS even at the ¼ threshold. In some cases,
times to quasi-extirpation appeared to increase slightly at the requested take relative to the expected
take. However, the increases were very small, likely due to the very small effect of take in this
population relative to variation in population trajectories.
The probability of quasi-extirpation increased with take at year 30 (Error! Reference source not
found.5) and at year 75 (Table 6); that is, populations experiencing take were more likely to reach the
threshold size at the specified times than were populations without take. For instance, for Zone 1 and
the 1/8 threshold, populations without take had a 23.04percent chance of reaching the threshold by
year 30, while populations with the expected take had a 24.17 percent of reaching this threshold within
30 years, and populations with the requested take had a 26.17 percent chance of reaching the threshold
(Table 5). As with time to quasi-extirpation, the effect of take on probability of quasi-extirpation at year
30 was greatest for the Zone 2 population. However, in general, the probability of quasi-extirpation for
Zone 2 was lower than for the other populations. Probabilities of quasi-extirpation were generally much
higher at 75 years (Table 6) than at 30 years (Table 5), though this pattern was less discernible in the
DPS particularly at the lower thresholds, because the probability of quasi-extirpation was very low at
both time horizons.
Figure 6 shows probability of quasi-extirpation as a function of time, for populations experiencing no
take and those experiencing the requested take at all four thresholds. As consistent with Tables 5 and 6,
probability of quasi-extirpation was higher when take was imposed. Though, particularly for the
Washington population and the DPS, the effect of take is barely discernible at the scale shown
(probability ranging from 0 to 1) (Figure 6c and 6d). Again, as noted for Tables 5 and 6, the effect of take
on the Zone 2 population (Figure 6b) was generally greater than the other populations. Note that
irrespective of both take and the quasi-extirpation threshold, the probability of quasi-extirpation
ultimately reached 1. That is, all simulated populations were eventually extirpated. This outcome
occurred at approximately 125 years for Zone 1, at greater than 300 years for Zone 2, at approximately
175 years for the Washington population, and at approximately 600 years for the DPS.
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Table 4. Mean and median time to quasi-extirpation in years, by population, mean take level,
and threshold size for quasi-extinction. The column headed P indicates parameter,
either mean ( ) or median (M).
Population

Mean Annual
Take

P
̅
M
̅
0
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M

0
Zone 1

0.9704
2.4962
0

Zone 2

0.9704
2.4962
0

WA

0.9704
2.4962
0

DPS

0.9704
2.4962

Threshold Population Size
1/8
1/16
39.70
52.33
38
51
39.43
52.00
38
50
38.97
51.45
37
50
75.27
98.64
69
92
73.98
97.18
68
91
72.17
95.40
66
89
47.70
62.88
45
60
47.54
62.67
45
60
47.12
62.22
45
60
173.50
230.17
164
221
173.05
229.66
164
220
173.45
229.97
164
221

1/4
27.06
26
26.91
25
26.61
25
51.35
45
50.25
44
48.86
42
32.46
30
32.38
30
32.09
30
116.64
108
116.20
107
116.40
107
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1/32
64.68
63
64.32
63
63.76
62
121.10
114
119.54
113
117.83
111
77.95
75
77.73
75
77.28
75
285.60
276
285.36
276
285.38
276
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Table 5. Probability of quasi-extirpation at year 30, by population, mean take level,
and threshold size for quasi-extirpation.
Population

Zone 1

Zone 2

WA

DPS

Mean Annual
Take
0
0.9704
2.4962
0
0.9704
2.4962
0
0.9704
2.4962
0
0.9704
2.4962

Threshold Population Size
1/8
1/16
0.2304
0.0403
0.2417
0.0447
0.2617
0.0558
0.0339
0.0034
0.0417
0.0052
0.0542
0.0083
0.1236
0.0165
0.1289
0.0175
0.1386
0.0205
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

1/4
0.6496
0.6581
0.6702
0.1978
0.2166
0.2448
0.4696
0.4765
0.4875
0.0007
0.0008
0.0008

1/32
0.0037
0.0048
0.0080
0.0003
0.0005
0.0013
0.0013
0.0013
0.0020
0.0000
0.0000
0.0000

Table 6. Probability of quasi-extirpation at year 75, by population, mean take level,
and threshold size for quasi-extirpation.
Population

Zone 1

Zone 2

WA

DPS

Mean Annual
Take
0
0.9704
2.4962
0
0.9704
2.4962
0
0.9704
2.4962
0
0.9704
2.4962

1/4
0.9989

Threshold Population Size
1/8
1/16
0.9848
0.9174

1/32
0.7395

0.9987
0.9988
0.7737

0.9855
0.9865
0.5157

0.9200
0.9219
0.2678

0.7443
0.7510
0.1132

0.7853
0.7969
0.9860
0.9854
0.9861
0.1601
0.1630
0.1626

0.5313
0.5511
0.9203
0.9189
0.9218
0.0089
0.0091
0.0089

0.2821
0.2992
0.7391
0.7412
0.7474
0.0001
0.0001
0.0001

0.1197
0.1323
0.4686
0.4733
0.4812
0.0000
0.0000
0.0000
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Table 7. Mean and median population size by year, population, and mean take level.
Population

Mean Annual
Take

P
̅
M
̅
0
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M
̅
M

0
Zone 1

0.9704
2.4962
0

Zone 22

0.9704
2.4962
0

WA

0.9704
2.4962
0

DPS

0.9704
2.4962



Year
30

50

75

477
410
470
403
460
393
408
348
396
337
379
320
907
780
900
772
888
759
6548
6292
6526
6270
6525
6282

180
137
178
136
174
132
260
197
253
190
242
180
411
316
409
312
404
306
5288
4939
5268
4914
5273
4918

53
35
53
34
52
34
148
97
143
93
138
88
153
101
153
100
151
98
4049
3645
4035
3635
4047
3637
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100
16
9
16
8
15
8
85
47
82
45
79
43
57
32
57
32
56
31
3111
2693
3094
2682
3101
2686
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d

Error! Reference source not found.6. Probability of quasi-extirpation as a function of time for (a) Zone
1, (b) Zone 2, (c) WA, and (d) DPS. Solid lines indicate no take and dashed lines indicate requested take
(mean take = 2.4962 murrelets/year) for each of 4 quasi-extirpation thresholds relative to initial
population size: 1/4 (blue), 1/8 (orange), 1/16 (yellow), and 1/32 (purple). The separation between
dashed and solid lines is very small and barely visible for the DPS (panel d).

Mean and median population sizes at years 30, 50, 75, and 100 decreased with take (Table 7).
Populations experiencing take were smaller than populations without take. Again, the differences were
greatest for Zone 2, most likely a consequence of its smaller initial size. Notably, for each zone, the
differences in mean population size were greatest in year 30 and least in year 100. This phenomenon is
illustrated more clearly in Error! Reference source not found., which shows the mean population
trajectories without take and with the requested take (the maximum take level evaluated). For each
population, the two trajectories show increasing divergence until year 30 when take is terminated;
thereafter the two trajectories begin to converge. These results indicate that the take has a cumulative
impact and that once take is assumed to terminate (as consistent with the permit term), impacts
gradually diminish even in the absence of other external forces. The pattern is clearest for the Zone 2
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population where the divergence is greatest. While the pattern is present in the other populations, the
cumulative impact of takeis smaller. Again, even in the absence of take, the trajectory for each of the
four modeled populations is declining, and the predicted outcome in each case is quasi-extirpation.

a

b

c

d

Error! Reference source not found.7. Mean population trajectories without take (solid blue line) and
with requested take (dashed orange line) (initial mean take = 2.4962 murrelets per year = 0.9704 female
murrelets per year) for (a) Zone 1, (b) Zone 2, (c) WA, and (d) DPS. The dashed black vertical line
indicates year 30, when modeled take ceases.

DISCUSSION
Population projections in this model depend on growth rates estimated from at-sea surveys. All else
being equal, if estimated growth rate is higher, time to extirpation will be greater and, similarly,
probability of extirpation at any particular time will likely be lower. Also, it is noteworthy that the
confidence intervals for slope estimates are fairly wide, and in the cases of Zone 2 and the DPS, the
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intervals include 0, indicating fairly weak evidence for population decline. Estimated growth rates likely
reflect both sampling variability and natural variability in population sizes, but irrespective of that
uncertaintyand its effect on mean estimated growth rates, we anticipate that levels of incidental take
modeled here would have relatively small effects on extirpation.
Notably, this population model assumes that take is constant over time and independent of population
size. Constant take is conservative because it implies that as the population decreases, an everincreasing proportion of that population will collide with wind turbines at a single location. Such an
outcome seems unlikely in any case, but especially unlikely given that the Skookumchuck Wind Energy
Project is not in or near high quality nesting habitat.
The PVA approach to assessing the impacts of the take also provides a mechanism for assessing the
potential benefits associated with mitigation. For instance, with regard to mitigation lands, a small subpopulation could serve as a source, contributing excess individuals to the larger population (any of those
populations considered above). Conceptually, the sub-population would reside on a mitigation parcel
with high quality nesting habitat. Furthermore, the vital rates of the sub-population would necessarily
yield non-negative growth rate in order to contribute excess individuals. (It should be clear that a subpopulation with the same demographic structure as the larger, declining population would have lower
potential to offset the take.) In principle, modeling could account for gradual maturation of forest on the
mitigation parcel by a phased increase in carrying capacity, i.e., an increase in number of breeding pairs
within the sub-population, if such forest maturation occurred within the 30-year period of the permit
term.
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