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Short-term effects of wildfires on
spotted owl survival, site fidelity, mate
fidelity, and reproductive success

Monica L. Bond, R. J. Gutiérrez, Alan B. Franklin, William S. LaHaye,
Christopher A. May, and Mark E. Seamans

Abstract The effects of wildfire on wildlife are important considerations for resource managers
because of recent interest in the role of fire in shaping forested landscapes in the western
United States. This is particularly true of wildfire effects on spotted owls (Strix occiden-
talis) because of the uncertainty of impacts of controlled burning within spotted owl habi-
tat. Therefore, we documented minimum survival, site fidelity, mate fidelity, and repro-
ductive success for 21 spotted owls after large (>540 ha) wildfires occurred within 11 owl
territories in California, Arizona, and New Mexico. In each territory, fire burned through
the nest and primary roost sites. Eighteen owls (86%) were known to be alive at least 1
year after the fires, which was similar to reported annual adult survival probabilities for
the species. Of 7 pairs of which both members were later resighted, all were located
together on the same territories during the breeding season following fires, and 4 pairs
produced a total of 7 fledglings. No pair separations were observed after fire. On 8 ter-
ritories where fire severities were mapped, 50% experienced predominantly low- to mod-
erate-severity fires while 50% experienced high-severity fires that burned large (>30%)
areas of the territories. We hypothesize that wildfires may have little short-term impact
on survival, site fidelity, mate fidelity, and reproductive success of spotted owls. Further,
prescribed burning could be an effective tool in restoring habitat to natural conditions
with minimal short-term impact on resident spotted owls. While we do not advocate
wholesale prescribed burning in spotted owl territories at this time, we believe our obser-
vations justify large-scale experiments on effects of prescribed burning on spotted owls to
corroborate our observations and to establish cause-and-effect relationships.
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Wildfire is a natural process that has shaped the spoon et al. 1992, MacCracken et al. 1996). In cen-
character of western forests (Agee 1990). In many tral and southern California, the Southwest, and
areas, pre-settlement fire regimes consisted of fre- eastern slopes of the Cascades, low-severity fires
quent low-severity fires at 5-30-year intervals (Kil- created a mosaic of uneven- and even-aged forest
gore 1973, Horton and Mannan 1988, Weather- stands (Kilgore 1973, Horton and Mannan 1988,
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MacCracken et al. 1996). In northwestern Califor-
nia, the xeric end of the Pacific Northwest rainfor-
est, fire frequency occurred at about 20-year inter-
vals and the fire regime was more similar to
southwestern than other northwestern regions
(Agee 1990, 1993). However, western forests were
not immune to higher-severity wildfires, which
occurred infrequently and were patchy in nature
(Stephenson et al. 1991, MacCracken et al. 1996).
Therefore, both low- and high-severity fires have
had significant impacts on forest structure, compo-
sition, and distribution. Risk of high-severity wild-
fires associated with drought, insect and disease
epidemics, and global warming has increased sig-
nificantly in the western United States following
decades of fire suppression (Agee 1993).

Many studies have been conducted on indirect
impacts of wildfire on bird populations (e.g., Mar-
shall 1963, Biswell 1989). Indirect impacts include
changes in vegetation type, canopy closure, and rel-
ative food abundance, which influence local densi-
ties of birds (Kilgore 1973, Horton and Mannan
1988). In addition to indirect effects, direct mortal-
ity of birds due to fire has been assumed or sus-
pected (Robbins and Myers 1992, Smith 2000). Fur-
ther, avian lungs may be more susceptible to
damage from smoke exposure than mammalian
lungs because of an apparent inability of the avian
respiratory tract to repair itself (Rombout et al.
1991). While nest destruction caused by fires has
been reported for some ground-nesting birds in
North Dakota (Robbins and Myers 1992), few stud-
ies have examined avian mortality and behavior
directly following fire (McMahon and deCalesta
1990).

Some biologists assume that large wildfires nega-
tively impact long-term survival of the spotted owl
(Strix occldentalls; e.g., Weatherspoon et al. 1992,
MacCracken et al. 1996), and believe catastrophic
or “stand-replacement” fires, which kill all vegeta-
tion within the fire boundary, pose the greatest nat-
ural risk to spotted owl habitat (United States Fish
and Wildlife Service [USFWS] 1992, 1995; Verner et
al. 1992). Management plans generally recommend
reducing risk of catastrophic fire in forests occu-
pied by spotted owls (e.g., Verner et al. 1992). One
method of reducing risk of wildfire is the use of
prescribed fire to remove fuels that can facilitate
surface fires becoming crown fires (Biswell 1989).
Because northern (8. 0. caurinag) and Mexican spot-
ted owls (S. 0. lucida) are federally listed as threat-
ened subspecies, prescribed fires within owl areas

require consultation with the USFWS. USFWS
smoke and wildlife guidelines for prescribed burn-
ing currently exist for site-preparation of clearcut
units located near northern spotted owl Habitat
Conservation Areas (HCAs), but some agency biolo-
gists have proposed prescribed burns within
northern spotted owl HCAs (J. Perkins, United
States Forest Service [USFS], Klamath National For-
est, unpublished report). Because of uncertainty
over fire effects on owls, controlled burning as a
habitat management tool is not conducted routine-
ly within areas reserved for spotted owls. For exam-
ple, researchers have examined occupancy of spot-
ted owl territories in years following a wildfire
(Elliot 1985, MacCracken et al. 1996, Gaines et al.
1997, Scott 1998, Jenness 2000), but short-term
impacts on individuals could not be assessed
because owls were not color-marked.

We describe minimum survival, site fidelity, mate
fidelity, and reproductive success of color-marked
spotted owls after wildfires burned nest and roost

areas in northwestern California, southern Califor-

nia, Arizona,and New Mexico. After a fire occurred
within an owl territory, we posed 4 questions:

1. Did the owl(s) survive the fire (minimum sur-
vival)?

2. If an owl survived, was it found in the same
territory after the fire (site fidelity)?

3. If both members of a pair survived a fire, did
they retain the same mates (mate fidelity)?

4. If both members of a pair survived a fire, did
they nest successfully the year after the fire
(reproductive success)?

Direct observations of fire effects on spotted
owls are difficult to obtain because of the patchy
and infrequent (due to fire suppression) nature of
fire, and logistical or political limitations associated
with conducting fire experiments on a meaningful
scale, Nevertheless, we provide insight on short-
term effects of fire on spotted owls by presenting
observations gathered during 15 years of study
throughout a large portion of the species’ range.

Study areas

We recorded spotted owl responses to fires >540
ha that occurred on 4 long-term demographic study
areas, representing all 3 subspecies of the owl.
Study areas were located in northwestern Califor-
nia (292 km2, 1985-2000, northern spotted owl);




San Bernardino Mountains, southern California
(1,890 kmZ2, 1987-2000, California spotted owl [S. 0.
occidentalis]); Tularosa Mountains, New Mexico
(323 km2, 1991-2000, Mexican spotted owl); and
Coconino Plateau, Arizona (585 km?2, 1991-2000,
Mexican spotted owD).

Forests in northwestern California were primari-
ly mixed evergreen (Sawyer et al. 1988), dominated
by Douglasfir (Pseudotsuga menziesif) with a
hardwood subcanopy of madrone (Arbutus men-
zilest]), tanoak (Litbocarpus densiflora), and
canyon live oak (Quercus chrysolepis) below 1,200
m elevation. Above 1,200 m, forests were mainly
subalpine forests (Sawyer and Thornburgh 1988)
dominated by white fir (4bfes concolor) and pines
(Pinus spp.). Forests in the San Bernardino Moun-
tains consisted of mixed evergreens (Sawyer et al.
1988) below 1,500 m, and ponderosa pine (P pon-
derosa) and white fir-sugar pine (P lambertiana)
forests (Thorne 1988) above 1,500 m. Forests con-
sisted of various combinations of white fir, pon-
derosa pine, sugar pine, incense-cedar (Calocedrus
decurrens), and black oak (Q. kelloggi?) at higher
elevations, and canyon live oak and bigcone Dou-
glasfir (Pseudotsuga macrocarpa) at lower eleva-
tions. Forests in the Tularosa Mountains were pri-
marily mixed-conifer and pine-oak. Douglasfir
and white fir were the dominant species in
mixed-conifer forests. Pine-oak forest was domi-
nated by ponderosa pine and Gambel oak (Q. gam-
bell). Pifion-juniper woodland, dominated by
pifion pine (P edulis) and alligator juniper (Junipe-
rus deppeana), was an extensive community with-
in the mountain range. Forests on the Coconino
Plateau were pine-oak dominated by ponderosa
pine and Gambel oak (Peet 2000). Other commu-
nities on the plateau included mixed-conifer forest
having Douglasir, ponderosa pine, and white fir in
the overstory and quaking aspen (Populus tremu-
loides) and Gambel oak in the understory; and
pifion-juniper woodland dominated by pifion pine
and junipers (Juniperus spp.; Peet 2000).

Methods

Owl surveys

We surveyed each study area annually for spotted
owls during the breeding season from 1985-2001
following methods described by Forsman (1983)
and Franklin et al. (1996). We captured adult and
juvenile owls using snare poles, noose poles, and
mist nets. All captured birds were marked with a

locking aluminum USFWS band on 1 leg and a plas-
tic band and tab with a unique color combination
on the other leg (Forsman et al. 1996). We deter-
mined the sex of owls by calls and behavior
(Franklin et al. 1996). Rate of band loss for spotted
owls was negligible (Franklin et al. 1996). This proj-
ect was approved by the University of Minnesota’s
Animal Care and Use Committee (Animal Subjects
Code Number: 0003A42461).

Impacis of fire

We used USFS records of severity, extent, and
duration of all fires >540 ha occurring within terri-
tories of individually color-marked spotted owls.
We limited our study to fires at least this large
because home-range sizes of spotted owls range
from 422-591 ha in northwestern California
(northern spotted owl; Zabel et al. 1995), 415-810
ha in the San Bernardino Mountains (California
spotted owl; Zimmerman et al. 2001), and 648 ha in
Arizona (Mexican spotted owl; Ganey and Balda
1989). In each case, nest and roost areas were locat-
ed within the fire perimeter, and all were burned.
Detailed information about conditions (e.g., weath-
er condition, fuel moisture, humidity, and fuel load)
at owl nests and roosts was unavailable. We used
available USFS data to describe the extent of each
fire at the landscape and territory scales. At the
landscape scale, we obtained the name, season, and
year of the fire, as well as total size and duration of
each fire. We addressed fire at the territory scale by
estimating percent of each individual owl territory
that burned, and percent of the fire-affected area in
the territory that burned at high, moderate, or low
severity. We defined an owl territory as a circle,
with a radius of one-half the average nearest neigh-
bor distance for each study area (see Bingham and
Noon 1998) around the nest or roost site during
the breeding season, at the time of or prior to the
fire (northern spotted owl=710 m [Franklin et al.
2000]; California spotted owl=748.5 m [Smith et al.
2002]; Mexican spotted owl, AZ=1,178 m [May
2000]; and NM=1,060 m [Peery et al. 1999]). To
estimate percent of each territory that burned and
nest or roost area location within the fire, we over-
laid owl territories onto digitized fire maps
obtained from the USFS using ArcView GIS 3.2
(Environmental Systems Research Institute 1996).

Fire-severity classifications for each coverage
were conducted by each USFS district within
which the fire occurred. Coverages were classified
as follows: 1987 autumn King Titus fire (24,282 ha)




in northwestern California (3 owl territories) into
low (<30% canopy kill), moderate (31-70% canopy
kill), and high severity (>70% canopy kill); 1995
summer HB fire (5,261 ha) in New Mexico (3 owl
territories) into low (<35% canopy kill) and high
(>35% canopy kill) severity; 1987 autumn Cold fire
(4,876 ha) in northwestern California (1 owl terri-
tory) into high (small and subcanopy trees killed,
and many to most overstory trees killed) and mod-
erate (most small trees killed, some subcanopy
trees killed or heavily damaged, and occasional
mortality of overstory trees) severity; and 1996
spring Pot fire (2,833 ha) in Arizona (1 owl territo-
ry) into crown (“standing black sticks” with no live
trees), high (>70% crown scorch of standing over-
story trees), medium (30-70% crown scorch of
standing overstory trees), and low/underburn
(<30% scorch of standing overstory trees or gener-
ally on flanks or heel of fire area). Severity on the
King Titus and HB fires was estimated using aerial
photography; satellite imagery was also used on the
HB fire. The Cold fire severity was estimated from
ground surveys. The Pot fire map was developed
using satellite imagery followed by ground verifica-
tion. Unfortunately, USFS GIS data for the remaining
3 summer fires in southern California (Verbena,
1995 [9,308 ha], Mill, 1997 [541 ha], Willow, 1999
(25,091 ha)) portrayed only boundaries. We recog-
nized that a boundary may be over-simplified, but
severity maps for these fires were unavailable. We
did not include more detailed pre- and post-fire
habitat information in our analysis because our
study focused on short-term effects of fire on sur-
vival and movements of owls rather than long-term
habitat changes. No salvage logging or other major
anthropogenic changes to vegetation within owl
territories occurred between the time of the fire
and the time we surveyed owls the following year.

We qualitatively described impacts of fire on sur-
vival, site fidelity, mate fidelity, and reproductive
success of individuals and pairs because these were
opportunistic observations taken over a long peri-
od of time. We pooled data across subspecies
because sample sizes for each subspecies were
small (<4 territories) and we were describing
observational responses rather than conducting
comparative statistical analyses. We defined mini-
mum survival rate as percent of individuals resight-
ed alive at least 1 year after the fire (7=21 owls).
We defined site fidelity as percent of individuals
resighted alive within the same territory before the
fire occurred and 1 year after the fire occurred (n=

18 owls). We defined mate fidelity as percent of
pairs that survived the fire (#=7 owl pairs) and
both original pair members remained together (i.c.,
resighted in same territory as a social pair) 1 year
after the fire occurred. Our evaluation of mate
fidelity does not imply cause and effect if a pair-
bond was broken. Rather, we interpreted it to mean
only that a fire did not mediate a pair dissolution if
they remained together. Reproductive success was
defined as average number of fledglings per pair of
owls that survived (=7 owl pairs) 1 year after the
fire occurred.

We compared overall estimates of annual adult
spotted owl survival and reproductive success for
each study area from our previous research (W. S.
LaHaye, unpublished data; Seamans et al. 1999,
Franklin et al. 2000) with qualitative findings from
this study. Our previous survival estimates were
based on mark-recapture estimators, whereas fire
survival estimates were empirical estimates from a
small sample size. Therefore, confidence limits for
empirical estimates did not reflect uncertainty due
to recapture probability. We compared short-term
(1-year) reproductive success of owls surviving
fires with general rates of owl reproduction. How-
ever, caution must be used when drawing conclu-
sions about reproduction because spotted owl
reproduction was more variable than survival and
differences from overall averages could have been
due to annual variation rather than effects of fire.

We also estimated overall annual site fidelity for
each study area based on long-term data. We calcu-
lated annual site fidelity by dividing number of owls
remaining on territories from year t to year t+1 by
total number of owls surviving from year t to year
t+1. Only banded, adult owls were used in site-
fidelity calculations.

Results

Data were gathered from 4 study areas repre-
senting 38 observation years, >2,000 banded owls,
>300 owl territories, and 7 wildfires. Wildfires
occurred in 11 spotted owl territories (10 pairs and
1 single owl) during the period of investigation
(1985-2001). Fires occurred in 4 northern, 3 Cali-
fornia, and 4 Mexican spotted owl territories. All
territories were >80% burned (83-100%). In all
cases, nest and roost areas were burned. Four of 8
territories where fire severities were mapped
burned primarily at low to moderate severity. How-
ever, the remaining 4 territories experienced fires




that burned 36-88% of the territory at high-severi-
ty levels.

Eighteen of 21 (86%) individual owls affected by
fires were resighted at least 1 year after the fires,
and 16 of the 18 (89%) resighted owls were located
in the same territories in the breeding season after
the fire. Among 7 owl pairs in which both mem-
bers were resighted after a fire, all were site- and
mate-faithful. Among 3 individuals whose mates
were never resighted, 2 females were resighted
after the fire on different territories with different
males, and 1 male exhibited site fidelity after the
fire but was found paired with a different female.
Four of 7 surviving owl pairs (57%) produced 7
fledglings the year following fire.

Minimum survival of spotted owls experiencing
fires. was similar to overall annual survival rates
reported for the 3 subspecies (Table 1). Site fideli-
ty among fire-impacted birds was also similar to
overall estimates from the 4 demographic studies
(Table 1). Reproductive success of spotted owls 1
year after fire occurred
was higher than overall

not marked. Since we monitored fates of color-
marked owls, we could derive modest inference on
effects of fire on individual survival, site fidelity,
mate fidelity, and reproductive success. In our study,
fates of only 3 of 21 owls exposed to fire were
unknown. Relatively large wildfires that burned
nest and roost areas appeared to have little short-
term effect on survival, site fidelity, mate fidelity,and
reproductive success of spotted owls, as rates were
similar to estimates independent of fire. While post-
fire: reproductive rates were higher than back-
ground rates for these populations, they were well
within the range of variation seen in these popula-
tions. Most (6 of 8) territories burned >50% at low
to moderate severity. Therefore, we hypothesize
that spotted owls may have the ability to withstand
the immediate, short-term (l1-year) effects of fire
occurring at primarily low to moderate severities
within their territory.

Horton and Mannan (1988) noted that animals
that occupied forests having frequent fire intervals

annual rates of reproduc-
tion (Table 1).

Discussion

Results from previous
studies on impacts of
wildfires on spotted owls
have been equivocal. In
some cases, large stand-
replacing wildfires ap-
peared to have a negative
impact on owl occupancy
(Elliot 1985, MacCracken
et al. 1996, Gaines et al.
1997). Other reports have
suggested that low- to
moderate-severity wild-
fires did not adversely
impact spotted owls
(Yasuda 1997, Scott 1998,
Jenness 2000). Although
high-severity fires may dis-
place some owls from ter-
ritories  (Elliot 1985,
Gaines et al. 1997), it was
unknown whether birds
moved or died because
owls in these studies were

Table 1. Estimates (95% confidence intervals) of minimum post-fire survival, site fidelity, and
average number of fledglings per pair for 21 spotted owls (Strix occidentalis) that experienced
fire in their territories in northwestern California, southern California, Arizona, and New Mex-
ico, compared with overall average annual survival, site fidelity, and average number of fledg-
lings per pair for the 4 populations at the above locations, 1987-2001.

Estimates
Post-fire S.0. caurina S.0. occidentalis S.0. lucida
Parameter estimates Nwca sch NMe Azd
Survival
0.86 0.876 0.79 0.832 0.814
(0.71-1.00) (0.84-091)  (0.76-0.81) (0.78-0.89)  (0.72-0.91)
n=21
Site Fidelity
0.89 0.88 0.91 0.90 0.92
(0.74-1.00) (0.85-0.92)  (0.88-0.94) (0.85-0.95)  (0.85-0.99)
n=18
Average no. fledglings/pair
1.0 0.62 0.643 0.77 0.93
(0.62-1.38) (0.56-0.68)  (0.59-0.69) (0.70-0.84) (0.86-1.0)
n=7 pairs

2 Northwestern California: survival estimate from 1985-1998 (source: Franklin et al. 2000).
Site fidelity estimate from 1985-2000; n = 42-68 owls per year for 15 years. Reproduction
estimate from 1985-2001; n = 1019 pair observations.

b Southern California: survival estimate from 1987-1998 (source: W. S. LaHaye, unpub-
lished data). Site fidelity estimate from 1987-1998; n = 35-93 owls per year for 11 years.
Reproduction estimate from 1987-1998; n = 840 pair observations.

€ New Mexico: survival estimate from 1991-1997 (source: Seamans et al. 1999). Site fideli-

ty estimate from 1991-2000; n = 2141 owls per year for 10 years. Reproduction estimate
from 1991-2001; n = 203 pair observations.

d  Arizona: survival estimate from 1991-1997 (source: Seamans et al. 1999). Site fidelity

estimate from 1991-2000; n = 19-36 owls per year for 10 years. Reproduction estimate from
1991-2001; n = 241 pair observations.




should be adapted to repeated fires. While pre-set-
tlement fire regimes of western forests consisted of
frequent low-intensity burns, infrequent high-sever-
ity fires also occurred and were important determi-
nants of forest structure, composition, and distribu-
tion (Agee 1990, Stephenson et al. 1991). Given
historical fire regimes within its range, the spotted
owl may be adapted to survive wildfires of various
sizes and severities. Therefore, prescribed burning
could be an effective tool in reducing current fire
risk and restoring forests to natural conditions with
minimal short-term impact to owls. However, we
believe that programmatic prescribed burning in
spotted owl territories cannot be justified solely on
the observations we report here. Experiments test-
ing effects of fire on spotted owls are still needed
to corroborate the effects we observed, establish
cause-and-effect relationships, and determine long-
term impacts on spotted owls.
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ABSTRACT The northern spotted owl (Strix occidentalis caurina) is one of the most intensively studied
raptors in the world; however, little is known about the impacts of wildfire on the subspecies and how they
use recently burned areas. Three large-scale wildfires in southwest Oregon provided an opportunity to
investigate the short-term impacts of wildfire and salvage logging on site occupancy of spotted owls. We
used Program MARK to develop single-species, multiple-season models of site occupancy using data
collected during demographic surveys of spotted owl territories. In our first analysis, we compared
occupancy dynamics of spotted owl nesting territories before (1992-2002) and after the Timbered
Rock burn (2003-2006) to a reference area in the south Cascade Mountains that was not affected
recently by wildfire. We found that the South Cascades had greater colonization probabilities than
Timbered Rock before and after wildfire (8 = 1.31, 95% CI = 0.60-2.03), and colonization probabilities
declined over time at both areas (8 = —0.06, 95% CI = —0.12 to 0.00). Extinction probabilities were
greater at South Cascades than at Timbered Rock prior to the burn (B =0.69, 95% CI = 0.23-2.62);
however, Timbered Rock had greater extinction probabilities following wildfire (,3 =1.46, 95%
CI = 0.29-2.62). The Timbered Rock and South Cascades study areas had similar patterns in site
occupancy prior to the Timbered Rock burn (1992-2001). Furthermore, Timbered Rock had a 64%
reduction in site occupancy following wildfire (2003-2006) in contrast to a 25% reduction in site
occupancy at South Cascades during the same time period. This suggested that the combined effects
of habitat disturbances due to wildfire and subsequent salvage logging on private lands negatively affected
site occupancy by spotted owls. In our second analysis, we investigated the relationship between wildfire,
salvage logging, and occupancy of spotted owl territories at the Biscuit, Quartz, and Timbered Rock burns
from 2003 to 2006. Extinction probabilities increased as the combined area of early seral forests,
high severity burn, and salvage logging increased within the core nesting areas (,3 =1.88, 95%
CI = 0.10-3.66). We were unable to identify any relationships between initial occupancy or colonization
probabilities and the habitat covariates that we considered in our analysis where the 8 coefficient did not
overlap zero. We concluded that site occupancy of spotted owl nesting territories declined in the short-
term following wildfire, and habitat modification and loss due to past timber harvest, high severity fire, and
salvage logging jointly contributed to declines in site occupancy. © 2013 The Wildlife Society.

KEY WORDS colonization, extinction, northern spotted owl, occupancy, salvage logging, site occupancy, southwest
Oregon, Strix occidentalis caurina, wildfire.

Northern spotted owls (Strix occidentalis caurina, hereafter
spotted owl) are a medium sized, forest-dwelling owl with
high levels of mate and site fidelity (Forsman et al. 1984,
2002; Thomas et al. 1990; Zimmerman et al. 2007). Nesting
territories of spotted owls have greater proportions of mature
and older forest than surrounding landscapes (Ripple et al.
1991, 1997; Meyer et al. 1998; Swindle et al. 1999). Forest
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stands used by spotted owls have large proportions of downed
woody debris and snags, high canopy cover and high struc-
tural diversity (Hershey et al. 1998, North et al. 1999, Irwin
et al. 2000). The features that provide structural complexity
within spotted owl habitat also serve as ladder fuels that
increase the likelihood of stand-replacing wildfire (Agee
1993, Wright and Agee 2004). As a result, forest stands
that provide favorable habitat conditions for spotted owls
within dry forest ecosystems are at risk of stand-replacing
wildfire (Agee 1993, Agee et al. 2000). Presently, wildfire is

the leading cause of spotted owl habitat modification on
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federally administered lands, and the rate of habitat modifi-
cation due to wildfire within dry forest ecosystems has
exceeded  predictions (Davis and  Lint  2005).
Consequently, the viability of owl populations in dry forests
has been questioned (Spies et al. 2006), and wildfire has been
identified as a threat to the persistence of spotted owls
occupying dry forest ecosystems (U.S. Fish and Wildlife
Service [USFWS] 2011).

Despite the perceived threat of wildfire, little is known
about the effects of wildfire on spotted owls, and the hy-
pothesized effects come from research conducted in un-
burned landscapes. Numerous studies have documented
that spotted owl survival, reproduction (Franklin et al.
2000, Olson et al. 2004, Dugger et al. 2005), and territory
occupancy (Blakesley et al. 2005, Dugger et al. 2011) were
positively associated with increased amounts of late-succes-
sional forest within their core use areas or home range.
Furthermore, owl territories with large reductions in the
amount of older forest will have low reproduction or be
abandoned (Bart and Forsman 1992, Bart 1995). These
studies suggest that loss of older forests negatively affects
spotted owls; however, the response of spotted owls to high
severity fire and subsequent harvest of dead standing trees is
unknown. Conversely, survival rates of spotted owls were
greater at territories that were not entirely composed of late-
successional forests (Franklin et al. 2000, Olson et al. 2004),
which suggests that spotted owls may be adapted to natural
disturbances such as wildfire that create a mosaic of forest
conditions. Territory occupancy and nest success of spotted
owls decreased as the amount of the territory composed of
clear-cuts increased (Thraillkill et al. 1998), which suggests
widespread post-fire salvage logging may negatively affect
spotted owls.

The few studies that have been conducted on spotted owls
in burned landscapes have provided equivocal results regard-
ing the effects of wildfire on the species. Lack of consensus
between studies may be owing to the confounding effects of
salvage logging, the short-term nature of studies, small
sample sizes from which to draw inference, treating the effect
of fire as a binomial variable (i.e., burned or unburned), or
potentially different responses of the 3 subspecies of spotted
owls to wildfire. Radio-marked northern and California
spotted owls (Strix occidentalis occidentalis) used forest stands
that burned with low to high severities (Clark 2007, Bond
et al. 2009); however, survival rates of radio-marked northern
spotted owls occupying a burned area that was subsequently
salvage logged were less than others reported throughout the
subspecies’ range (Clark et al. 2011). Conversely, short-term
(<1 yr) survival rates of northern, Mexican (Strix occidentalis
lucida), and California spotted owls in burned landscapes that
were not subjected to post-fire salvage logging were similar to
annual survival rates (Bond et al. 2002). The number of
reproductive spotted owl pairs and the number of occupied
spotted owl territories declined 1 year post-fire on the eastern
slope of the Washington Cascade Range (Gaines et al. 1997);
however, only 6 territories were surveyed in this study, 1 of
which had a large amount of stand-replacing fire. Other
studies indicate low and moderate severity burns may have

minimal impacts on spotted owls. Territory occupancy of
Mexican spotted owls in burned areas was similar to un-
burned areas (Jenness et al. 2004). Probability of territory
occupancy for California spotted owls in the Sierra Nevada
Mountains of California were similar between randomly
selected burned and unburned sites (Roberts et al. 2011).

Because spotted owls are territorial and have high site
fidelity (Forsman et al. 2002, Zimmerman et al. 2007),
occupancy of nesting territories is essential for successful
survival and reproduction. Occupancy models (MacKenzie
et al. 2003, 2006) are well suited for investigating territory
occupancy by spotted owls because the structure of existing
spotted owl surveys (Franklin et al. 1996) fits the model
framework well. Furthermore, occupancy models allow the
inclusion of site-specific covariates, which allows the inves-
tigation of fire severity and habitat influences on site occu-
pancy dynamics (i.e., extinction and colonization rates). The
Biscuit, Quartz, and Timbered Rock burns in southwest
Oregon provided an opportunity to investigate the impacts
of wildfire and subsequent salvage logging on site occupancy
by spotted owls. Our first objective was to determine if
occupancy rates changed substantially following wildfire
and subsequent salvage logging when compared to pre-
burn occupancy rates and to occupancy rates in a landscape
that had not been recently affected by wildfire. We met this
objective by comparing occupancy rates of spotted owls
before (1992-2002) and after (2003—-2006) the Timbered
Rock burn to an adjacent unburned landscape in the southern
Oregon Cascades. We predicted that occupancy rates of
spotted owls would be similar between study areas prior to
the Timbered Rock burn but occupancy rates would decline
substantially following the Timbered Rock burn in response
to modification and loss of owl habitat from wildfire and
subsequent salvage logging. Our second objective was to
model the impacts of fire severity, salvage logging, and
habitat characteristics on site occupancy of spotted owls at
the Biscuit, Quartz, and Timbered Rock burns from 2003 to
2006. We predicted that extinction probabilities would in-
crease as the amounts of past timber harvest, high severity
burn, and salvage logging within a territory increased. We
also predicted that initial occupancy and colonization prob-
abilities within the 3 burned areas would be greater at
territories with decreased levels of disturbance. In particular,
we predicted that initial occupancy and colonization proba-
bilities within the 3 burned areas would be greater at terri-
tories that had more intermediate-aged and older forest that
burned with low or moderate severities.

STUDY AREA

We studied site occupancy by spotted owls at the Biscuit,
Quartz, and Timbered Rock burns in southwest Oregon.
Each burn was located within a distinct geographic region:
the mid-Coastal Siskiyou Mountains (Biscuit burn), the
Siskiyou Mountains (Quartz burn), and the southern
Oregon Cascades (Timbered Rock burn). We also analyzed
site occupancy of spotted owls at the South Cascades
Demographic Study Area, which was adjacent to the
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Timbered Rock burn and was not affected by a large scale
wildfire within the last 100 years. Consequently, site occu-
pancy by spotted owls in this area served as a reference for
comparison to the Timbered Rock study area.

Common tree species within our study areas included ponder-
osa pine (Pinus ponderosa), sugar pine (P. lambertiana),
Douglas-fir (Pseudotsuga menziesii), incense cedar (Calocedrus
decurrens), white fir (Abies concolor), California red fir
(4. magnifica), mountain hemlock (Tsuga mertensiana),
Oregon white oak (Quercus garryana), California black oak
(Q. kelloggit), tanoak (Lithocarpus densiflorus), and Pacific ma-
drone (Arbutus menziesii). Prior to the implementation of active
fire suppression policies by state and federal agencies, most of
southwest Oregon was characterized by frequent low-intensity
fires and occasional stand-replacing fires at higher elevations
(Agee 1993, Taylor and Skinner 1997, Heyerdahl et al. 2001).
After active fire suppression policies were implemented, fire
frequencies declined and high-intensity wildfires became more
common (Agee 1993, Agee and Skinner 2005). The climate
regime in southwest Oregon is characteristically temperate with
hot, dry summers and cool, moist winters. During our study, the
warmest and coldest average daily temperatures occurred in July
(21° C) and December (4° C), respectively. Average annual
rainfall was lowest at the Quartz burn (66 cm) and highest at
the Biscuit burn (113 cm; Oregon Climate Service, Oregon
State University, unpublished data).

The Biscuit burn originated from several lightning strikes
in July 2002. The small fires eventually merged into a com-
plex fire that covered 201,436 ha. Land ownership within the
burn was predominantly public (U.S. Forest Service [USFS],
Bureau of Land Management [BLM], Oregon Department
of Forestry [ODF], and Josephine County). Fifty docu-
mented spotted owl territories were within the burn. We
non-randomly selected a sample of 9 territories on the east-
ern side of the burn to include in our study that were similar
to forest types at the Timbered Rock and Quartz burns and
provided reasonable access. The 9 territories included in this
study were located within the Briggs Creek, Silver Creek,
Deer Creek, and Illinois River watersheds, ranging in eleva-
tion from 300 to 1,400 m. The remaining 41 territories were
not included in our study because of logistical concerns or
because they were located in mesic forest types on the
western side of the burn. The 9 study territories were sur-
veyed annually from 2003 to 2006. The area within 2.2 km of

the 9 study territories burned with a mixed severity and

received the least amount of salvage logging of the 3 burns
(Table 1).

The Quartz burn was ignited by lightning in August 2001
and burned 2,484 ha of public (USFS, BLM, and ODF) and
private (primarily industrial forest) lands. The fire burned
portions of the Glade Creek, Little Applegate, and Yale
Creek watersheds at elevations ranging from 600 to
1,850 m. The fire completely or partially burned (i.e., burned
the majority of a 2.2-km buffer around the territory center) 9
spotted owl territories. All 9 territories were surveyed annu-
ally from 2003 to 2006. The study area burned with a mosaic
of fire severities and was subjected to substantial amounts of
salvage logging, primarily on private lands (Table 1).

The Timbered Rock burn was ignited by lightning in July
2002 and burned 11,028 ha of land within the Elk Creek
watershed at elevations ranging from 450 to 1,350 m. Land
ownership was dominated by a checkerboard pattern of
public (BLM) and private industrial forest lands in the
southern two-thirds of the burn and contiguous USFS man-
aged lands in the northern third. Twenty-two spotted owl
territories were within the burn perimeter and were surveyed
annually from 2003 to 2006. These 22 territories were also
surveyed prior to the burn from 1992 to 2002. The study area
burned with a mixed severity and much of the private land
was salvage logged (Table 1).

The South Cascades Demographic Study Area (South
Cascades) is 1 of 8 study areas included in the range-wide
monitoring program for spotted owls (Lint et al. 1999,
Anthony et al. 2006), and it served as a reference area for
our analyses. From 1992 to 2006, surveys to locate spotted
owls were consistently conducted on an annual basis at 103
spotted owl territories by the Oregon Cooperative Fish and
Wildlife Research Unit (OCFWRU). The South Cascades
area encompasses approximately 223,000 ha of lands man-
aged by the USFS at the southern terminus of the Oregon
Cascades and at elevations ranging from 900 to 2,000 m. No
large-scale wildfires occurred within the study area from
1992 to 2006. Forest conditions have been influenced his-
torically by mixed-severity wildfire and more recently by
forest management, livestock grazing, and fire suppression.
Forest management has included individual tree selection,
stand thinning, and even-aged management (U.S.
Department of Agriculture [USDA] 1997, 1998). Current
management activities are guided by the objectives set forth
by the Land-use Allocations of the Northwest Forest Plan.

Table 1. The percentage (+SE) early seral, intermediate-aged or older forest that burned with a low, moderate, or high severity or was salvage logged within
2,230 m of 40 northern spotted owl territories at the Biscuit, Quartz, and Timbered Rock burns in southwest, Oregon, USA from 2003 to 2006.

Intermediate-aged or older forests

Study area Non-forest or early seral Low severity® Moderate severity” High severity® Salvage logged®
Biscuit 272 £6.1 40.5 +£ 6.7 13.6 £ 1.8 17.1 £ 3.6 1.6 £ 0.7
Timbered Rock 278 £ 1.6 359+ 41 10.1 £ 0.7 93+ 14 169 £3.2
Quartz 21.7 £ 15 485 + 4.4 6.6 £1.5 10.0 £ 2.3 132 £ 2.7
* <20% of the forest canopy removed by wildfire.
b 21-70% of the forest canopy removed by wildfire.
©>70% of the forest canopy removed by wildfire.
4 Areas that were intermediate-aged or older forest prior to the burn that were salvage logged.
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The main purpose of matrix lands is timber production,
whereas the late-succesional reserves are for conservation
of older forests and silvicultural treatments are intended to
promote forest stand structures similar to historical condi-
tions or old forest characteristics (USDA and U.S.
Department of the Interior [USDI] 1994).

METHODS

Data Acquisition and Preparation

To assess the effects of wildfire on occupancy of spotted owl
territories, we created post-fire habitat maps in ArcGIS 9.1
(ESRI, Redlands, CA) by merging 3 data layers: 1) a pre-fire
habitat map (Davis and Lint 2005), 2) a fire severity map, and
3) the boundaries of salvage logged areas (see Clark 2007 for
additional details). The final map output had 8 distinct
habitat classes (Table 2) and a minimum mapping unit of
2 ha. We used ground plot data to calculate map accuracies,
which we estimated to be 68% for the Timbered Rock burn,
69% for the Biscuit burn, and 75% for the Quartz burn.
Seventeen of 20 (85%) classification errors at the Biscuit
burn, 10 of 15 (67%) at the Quartz burn, and 11 of 22 (50%)
at the Timbered Rock burn were within 1 habitat or fire
severity class of the correct classification. Based on these
estimates, overall map accuracy within 1 habitat or fire
severity class was 95% at the Biscuit burn, 92% at the
Quartz burn, and 84% at the Timbered Rock burn (Clark
2007).

We conducted annual surveys between 1 March and 31
August to determine the occupancy of spotted owls on
nesting territories according to established survey protocols
(Franklin et al. 1996) and Oregon State University,
Institutional Animal Care and Use Committee guidelines
(IACUC Number 3040). Post-fire surveys were conducted as
a collaborative effort between the OCFWRU, the BLM, the
USEFS, and private timber companies. From 1992 to 2006, we
surveyed 22 and 103 territories at the Timbered Rock and
South Cascades study areas, respectively. We also surveyed 9
territories at both the Biscuit and Quartz burns from 2003 to
2006. The average number of visits conducted varied by study
area and year (range: 1.9 [Timbered Rock 2002]-5.8
[Timbered Rock 1994]). The maximum number of surveys

at individual spotted owl territories ranged from 7 to 9

depending on the year. The variability in survey effort was
a function of occupancy and nesting status (i.e., territories
that were occupied by a pair of non-nesting owls were visited
less). Occasionally, some territories were not surveyed every
year, which was most often because of limited access during
years of high snowfall. Fortunately, differences in survey
effort and missing observations can easily be accounted for
in open population models if you assume that occupancy
dynamics are the same at territories that are and are not
surveyed (MacKenzie et al. 2006), which is a reasonable
assumption as long as survey effort is unbiased.

We used results from demographic surveys to create site-
specific detection histories for owl pairs. Owl pairs represent
the appropriate ecological unit of interest when modeling site
occupancy. Protocols for adapting survey data from spotted
owls using methods outlined in Franklin et al. (1996) to fitan
occupancy modeling framework were established by Olson
et al. (2005). These protocols were used in subsequent occu-
pancy analyses for spotted owls (Kroll et al. 2010, Dugger
et al. 2011) and this analysis. If a pair of owls was detected,
we coded the visit as a 1 and if 1 or no owls were detected, we
coded the visit as a 0. However, if 1 owl was detected and the
owl exhibited nesting behavior (e.g., the owl was observed on
anest) or if young were observed with an adult owl, we coded
the visit as a 1. If a survey was not conducted, we coded the
visit as a missing observation (-). A hypothetical detection
history of 10.1 would indicate that a pair of owls was detected
on the first and fourth surveys, no owls or a single owl was
detected on the second survey, and the territory was not
visited during the third survey.

Data Analyses

Basic modeling procedures.—We estimated site occupancy in
Program MARK (White and Burnham 1999) using single-
species, multiple-season models (MacKenzie et al. 2003,
2006). This analysis generated estimates of 4 parameters:
W, the probability that a site is occupied in the first year of the
study (initial occupancy); €, the probability an occupied site
became unoccupied the subsequent year (extinction); vy, the
probability an unoccupied site was occupied the subsequent
year (colonization); and P, the probability of detection
(detection). In our analyses, primary sampling occasions
were years and secondary sampling occasions were visits to

Table 2. Definitions of habitats used in the assessment of the impacts of wildfire and salvage logging on northern spotted owl site occupancy at the Biscuit,
Quartz, and Timbered Rock burns in southwest Oregon, USA, from 2003 to 2006.

Habitat class

Description

Early seral

Intermediate forest™—low severity burn
Intermediate forest—moderate severity burn
Older forest>—low severity burn

Older forest—moderate severity burn

Non-forested areas, early seral, and pole sized conifer stands
Intermediate-aged conifer stands with <20% of the canopy removed by fire
Intermediate-aged conifer stands with 21-70% of the canopy removed by fire
Older conifer forest with <20% of the canopy removed by fire

Older conifer forest with 21~70% of the canopy removed by fire

High severity Intermediate-aged and older conifer forests with >70% of the canopy removed by fire
Salvage Intermediate-aged and older conifer forests that were salvage logged
Edge The interface between the combined area of intermediate-aged and older forest that

burned with a low or moderate severity and all other habitat types

* Forest stands that provide suitable roosting and foraging habitat for spotted owls.

b Forest stands that provide nesting habitat for spotted owls.
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territories within years. This modeling framework was flexi-
ble and allowed for time-specific parameter estimates, inclu-
sion of site-specific covariates, the ability to include missing
observations, the direct estimation of colonization and ex-
tinction, and it assumed detection probabilities were <1
(MacKenzie et al. 2003, 2006).

We modeled the 4 occupancy parameters using a step-wise
approach (Olson et al. 2005, MacKenzie et al. 2006, Dugger
et al. 2011). We first determined the most parsimonious
model for within year detection probabilities followed by
among year detection probabilities, retained that model, and
then proceeded to model initial occupancy. We then retained
the most parsimonious model for initial occupancy and
proceeded to model colonization and extinction parameters.
We followed the conventions of Lebreton et al. (1992) and
White and Burnham (1999) when developing and naming
models. We considered several possible temporal effects on
detection probabilities both within and among years that
included constant detection (-), linear (7), log-linear (In 7),
and quadratic (7'7) trends. We did not evaluate time-specific
models (#) within years because they required estimation of
too many parameters to obtain reasonable estimates (Olson
et al. 2005); however, we considered models that included
time-specific effects among years (year). We also considered
models that included differences in detection probabilities
between study areas, because experience and effort of survey
personnel may have differed. We considered 2 initial occu-
pancy models that contrasted differences between study areas
(area) and constant initial occupancy (-). When modeling
extinction and colonization parameters, we considered mod-
els that compared differences between study areas (area) and
no differences between areas (-), and we considered several
biologically plausible temporal effects including constant
rates among years (-), variable rates among years (#), and
linear (7), log-linear (In 7), and quadratic (77) trends over
time. Models that included >2 study areas included additive
and interactive effects between study area and temporal
effects, where appropriate.

We used Akaike’s Information Criterion corrected for
small sample sizes (AIC,) and the difference between the
AIC, value of the best model and the 7th model (AAIC,) to
rank and compare candidate models at each step of the
analysis. We used Akaike weights to evaluate the strength
of evidence for 1 model versus another model (Burnham and
Anderson 2002). We considered models that were <2.0
AIC, of the best model as competitive. We used estimates
of regression coefficients (8) and their 95% confidence inter-
vals to evaluate the relative effect and measure of precision of
various covariates in our models. Following the approach
outlined by Anthony et al. (2006), we used 95% confidence
intervals for the coefficients as a relative measure of support
for observed relationships rather than a strict test of the
hypothesis that 8 = 0. Covariates whose 95% confidence
intervals did not overlap 0 had strong evidence for an effect,
those that narrowly overlapped 0 had some evidence for an
effect, and those that broadly overlapped O had little or no
evidence for an effect on the parameter of interest. We used
this approach because significance testing is not valid under

an information theoretical approach (Burnham and
Anderson 2002), and it is best to present estimates of effect
size and precision under this analysis paradigm (Anderson
et al. 2000).

Comparison of South Cascades and Timbered Rock—
We compared occupancy at Timbered Rock and South
Cascades from 1992 to 2006. Our objective was to determine
if extinction and colonization probabilities following the
Timbered Rock burn were different from unburned land-
scapes in the South Cascades (i.e., the control) during the
same time period. In this analysis, we considered all study
area and temporal effects on site occupancy parameters that
are outlined above in the basic modeling procedures. In
addition, we considered 10 models for colonization and
extinction that were modifications of common study area
and time effect models (Fig. 1). We considered these models
because they may identify distinct changes in extinction and
colonization rates following a disturbance such as wildfire
and subsequent salvage logging. We predicted that under
model [Pre-burn(-)Post-burn(area)] the South Cascades and
Timbered Rock would have similar, constant extinction
probabilities prior to the Timbered Rock burn, but extinction
probabilities would be greater at Timbered Rock following
the burn. In contrast, we predicted the opposite for coloni-
zation probabilities (e.g., under model [Pre-burn(-)Post-bur-
n(area)], colonization rates would be equal at Timbered Rock
and South Cascades prior to the Timbered Rock burn, but
colonization rates would be less at the Timbered Rock study
area following the burn). We retained the best ranked initial
occupancy, extinction, colonization, and detection probabil-
ity models and combined them to determine our best overall
model. We used the best overall model to calculate estimates
of year-specific probabilities of site occupancy in Program
MARK using the equation from MacKenzie et al. (2003):

‘i’, = @;71(1 - éffl) + (1 - \i,tfl)i/r—l

Re/m‘ian.r/_)ip between wildfire, salvage logging, and spotted
owl site occupancy.—We modeled occupancy of nesting terri-
tories after fires from 2003 to 2006 at the Biscuit, Quartz,
and Timbered Rock burns. Our objective was to model the
potential influence of fire severity, salvage logging, and hab-
itat covariates on site occupancy of spotted owls. In this
analysis, we used a multiple step approach outlined in previ-
ous occupancy analyses for the species (Olson et al. 2005,
Dugger et al. 2011). This approach included 3 steps: 1)
determine the occupancy model that best described temporal
and study area effects, 2) retain the best model from step 1
and model individual covariates to determine the best spatial
scale and relationship of the covariate, and 3) retain the best
model from step 1 and the best spatial scale and relationship
of covariates from step 2 to test specific hypotheses regarding
the effects of covariates on site occupancy.

Our first step was to determine the best model that only
included study area and temporal effects by following the
methods outlined in the basic modeling procedures. Our
objective in this step was to develop a base model upon
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Figure 1. Visual representation of 10 hypothetical models comparing extinction rates of northern spotted owl territories at the Timbered Rock burn and South
Cascades Demographic Study Area. We considered models that compared differences between study areas (area) and no differences between areas (-), and we
considered several biologically plausible temporal effects including constant rates among years (-), variable rates among years (#), and linear (7) trends over time.
The last 4 intervals represent the predicted changes in extinction probabilities following the Timbered Rock burn. The opposite relationship was predicted for
colonization rates. Grey lines with open boxes represent the Timbered Rock study area, black lines with black diamonds represent the South Cascades
Demographic Study Area, and gray lines with black triangles represent no differences between study areas.

which we modeled the effects of covariates. We considered
all models outlined in the basic modeling procedures and 3
additional study area covariates for initial occupancy, extinc-
tion, and colonization models that incorporated various
study area combinations including, 1) the Quartz and
Timbered Rock burns would have similar occupancy dynam-
ics because they include large amounts of private land
(BIS # TR = Q), 2) the Timbered Rock and Biscuit burns
would have similar occupancy dynamics because they oc-
curred 1 year after the Quartz burn (BIS = TR # Q), and 3)
the Quartz and Biscuit burns would have similar occupancy
dynamics because they are both located in the Siskiyou
Mountains (BIS = Q_# TR). Our primary objective during
this portion of the analysis was to develop a parsimonious
model on which to model covariates; consequently, we did
not consider competing models in this step of the analysis.
After determining the best study area and temporal effects
model, we retained this model and proceeded to the second
step of the analysis.

In the second step of this analysis, our objective was to
determine the spatial scale and relationship that best

explained the effect of various covariates on initial occupancy,
extinction, and colonization probabilities. We calculated
site-specific covariates at 2 spatial scales (territory and
core area) and with 2 relationships (linear and log-linear),
which represented 4 possible models for each covariate. We
calculated covariate values in ArcGIS 9.1 from post-fire
habitat maps as the percent of each cover type within a
2,230-m radius (1,560 ha; territory scale) and a 730-m radius
(167 ha; core area scale) of the territory center. We selected
these spatial scales because they were used to model spotted
owl survival and reproduction in the same geographic region
(Dugger et al. 2005).

For initial occupancy and colonization probabilities, we
modeled 9 covariates (Table 3) to determine the best spatial
scale and relationship of the covariate. All of the covariates
we modeled on initial occupancy and colonization param-
eters were thought to represent the quality of habitat remain-
ing at the territory and were based on biologically meaningful
relationships. Forested areas that burned with a low or
moderate severity likely had minimal changes in the amount
of canopy cover, snags, and downed woody debris, which are
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Table 3. Candidate model sets for initial occupancy, extinction, and colo-
nization parameters in the analysis of covariate effects on site occupancy of
northern spotted owls at the Biscuit, Quartz, and Timbered Rock burns in
southwest Oregon, USA, from 2003 to 2006.

Initial occupancy (¥)
and colonization (y)*

INTL + INTM +
OLDL + OLDM

Extinction (c)°
EARLY + HIGH + SALVAGE

INTL + OLDL HIGH + SALVAGE

INT + OLD HARVEST + HIGH

OLDL + OLDM EARLY + HISALV

OLDL HISALV

OLD HARVEST

LOW + MOD SALVAGE

LOW HIGH

EDGE EARHISALV
EDGE

*INTL, intermediate-aged forest that burned with a low severity; INTM,
intermediate-aged forest that burned with a moderate severity; OLDL,
older forest that burned with a low severity; OLDM, older forest that
burned with a moderate severity; INT, intermediate-aged forest that
burned with a low or moderate severity (combined area of INTL and
INTM); OLD, older forest that burned with a low or moderate severity
(combined area of OLDL and OLDM); LOW, intermediate-aged and
older forest that burned with a low severity (combined area of INTL and
OLDL); MOD, intermediate-aged and older forest that burned with a
moderate severity (combined area of INTM and OLDM); EDGE, the
interface between forested areas that burned with low or moderate
severity and areas that were early seral stands, burned with high severity,
or were salvage logged; EDGE was modeled as an additive effect with the
best ranked covariate model to determine if it improved model fit.

" EARLY, non-forested areas early seral stands that burned with any
severity; HIGH, the combined area of intermediate-aged and older
forest that burned with a high severity; SALVAGE, any intermedi-
ate-aged or older forest that was salvage logged; HARVEST, any
forested area, that was harvested before or after the burn (combined
area of EARLY and SALVAGE); HISALYV, any forested area, exclud-
ing early stands, that burned with a high severity or was salvage logged
(combined area of HIGH and SALVAGE); EARHISALYV, any early
seral stand or forested area that burned with high severity or that was
salvage logged (combined area of EARLY, HIGH, and SALVAGE).

all critical components of spotted owl habitat (Hershey et al.
1998, North etal. 1999, Irwin et al. 2000). Intermediate-aged
forests contribute to landscape heterogeneity, which influ-
enced spotted owl survival in other studies (Franklin et al.
2000, Olson et al. 2004), so we hypothesized that it would also
influence site occupancy by the subspecies. Spotted owl terri-
tories usually have high proportions of mature and older
forests (Ripple et al. 1991, 1997; Meyer et al. 1998;
Swindle et al. 1999), so we expected that initial occupancy
and colonization probabilities would be influenced by the
amount of older forest within the territory.

We elected to use a different set of covariates on extinction
probabilities because of the highly correlated nature of ex-
tinction and colonization probabilities (MacKenzie et al.
2006). Modeling the same set of covariates on extinction
and colonization parameters can result in counter-intuitive
results. This is because sites that went extinct are the sites
available for colonization. As a result, factors that contribute
to increased extinction probabilities could also contribute to
increased colonization probabilities. For extinction models,
we modeled 7 covariates (Table 3) to determine the best
spatial scale and relationship of the covariate. All of the

covariates considered for extinction were thought to be related
to the impacts of habitat loss and modification attributable to
past timber harvest, high severity fire, and salvage logging. We
hypothesized that all 3 of these factors would negatively affect
site occupancy. Spotted owl territories that had increased
amounts of clear-cut timber harvest had decreased occupancy
(Thrailkill et al. 1998). Timber harvest and post-fire salvage
commonly results in large-scale clear-cuts; as a result, site
occupancy by owls should be negatively affected by these
factors. High severity fire removes downed woody debris
and reduces canopy cover and structural diversity. All of these
factors influence spotted owl habitat selection (Hershey et al.
1998, North et al. 1999, Irwin et al. 2000), so we hypothesized
that increased amounts of high severity fire may increase
extinction probabilities.

We considered the effects of the amount of edge habitat on
initial occupancy, extinction, and colonization probabilities
because we suspected edge could have positive or negative
impacts on site occupancy. Greater amounts of edge habitat
may increase site occupancy by increasing prey availability,
particularly woodrats (Neotoma spp.), which are common in
edge habitats (Zabel et al. 1995, Ward et al. 1998) and are a
primary prey item in this portion of the spotted owl’s range
(Forsman et al. 2004). In contrast, increased amounts of edge
habitat may decrease the amount of interior forest available
to owls, which has been associated with decreased spotted
owl survival (Franklin et al. 2000). To avoid the potential
correlation between extinction and colonization parameters
(MacKenzie et al. 2006), we only used edge in 1 of the
parameters, not both, in the same model. We used edge
as an additive effect with the best ranked covariate model for
initial occupancy and extinction or colonization to determine
if it improved model fit (i.e., decreased the AIC, value).

We modeled each of the 4 possible models of each covariate
individually, as an additive effect, with the best model from
the first step of our analysis. We took this approach to reduce
redundancy in the potential list of covariates due to spatial
scales and relationships of covariates being correlated and to
reduce the number of candidate models that would be con-
sidered in the final step of the analysis. We ranked each
model using AIC, values to determine the best spatial scale
and relationship of each covariate.

The third step of our analysis combined the best individual
covariates from the second step of our analysis into more
complex models to test a specific set of biologically plausible
hypotheses (Table 3). We did not use covariates on detection
probabilities because they are nuisance parameters for which
we had minimal interest. Our most complex initial occupan-
cy and colonization models included 4 covariates (combina-
tions of intermediate-aged and older forests and low and
moderate burn severity; Table 3). Other models were var-
iations of the most complex model that included a subset of
these covariates or combined 2 covariates into a single co-
variate. Our most complex extinction model included 3
covariates (early seral stands, forests with high burn severity,
and salvage logged forests; Table 3). The remaining candi-
date models were variations of the most complex model that
had fewer covariates or combined 2 or more covariates into a
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single covariate. Prior to fitting our candidate model set
(Table 3), we looked for correlations between variables
that may be included in the same model. We did not include
candidate models with highly correlated variables
(#* > 0.70). After determining the best covariate model
for initial occupancy, extinction, and colonization probabili-
ties, we retained these models and combined them to deter-
mine our best overall model.

RESULTS

Comparison of the South Cascades to Timbered Rock

The best model for detection probabilities was P
(year + area + In 7), and the second ranked model [P
(year + In 7)] was not competitive (AAIC, = 13.18;
Table 4). The best model indicated that detection probabili-
ties varied among years, differed between areas, and followed
a log-linear time trend within years. Detection probabilities
were greater at South Cascades than at Timbered Rock in 10
out of 15 years. In most years (8 out of 15), detection
probabilities declined over the survey season, but in the
remaining 7 years, detection probabilities increased over
the survey season. Detection probabilities during 1 survey
over the 15 years of the study varied considerably and ranged
from 0.24 to 0.82 at the South Cascades and 0.11-0.79 at
Timbered Rock. The range of detection probabilities within
years was less variable. The best model for initial occupancy
was ¥ (area), and the second ranked model [W(-)] was not
competitive (AAIC, = 7.21). The best model indicated that
the South Cascades had greater initial occupancy (B=221,
95% CI = 0.65-3.76) than Timbered Rock. We estimated
initial occupancy probabilities in 1992 to be 0.94 (95%

CI = 0.88-1.00) at South Cascades compared to 0.65 at
Timbered Rock (95% CI = 0.44-0.86).

The best model for extinction probabilities was &[Pre-burn
(area + HPost-burn(area + #)], and 2 models were highly
competitive (i.e., AAIC, < 2.0) with the best extinction
model (Table  4). However, model  g[Pre-
burn(area + #)Post-burn(area + #)] had a weight of 0.42,
indicating strong support for the best model.
Interpretation of the best model was that extinction rates
varied by year and study area, but the study areas followed the
same pattern over time (Fig. 2). We found some evidence
that the South Cascades had greater extinction probabilities
than Timbered Rock prior to the burn because the 95%
confidence interval barely overlapped 0 (B=0.69, 95%
CI = —0.06 to 1.43). Following wildfire and subsequent
salvage logging at the Timbered Rock study area, extinction
probabilities were greater than at the South Cascades
(B=1.46, 95% CI = 0.29-2.62; Fig. 2). Model &[Pre-
burn(#)Post-burn(area + £)] was the second ranked extinc-
tion probability model (AAIC, = 1.53; Table 4). This model
suggested that extinction probabilities varied by year and the
Timbered Rock and the South Cascades study areas had
similar extinction probabilities prior to the Timbered Rock
burn, but extinction probabilities were greater at Timbered
Rock following wildfire and subsequent salvage logging.
Model & () was the third ranked extinction model
(AAIC, = 1.84; Table 4). This model suggested that extinc-
tion probabilities varied by year, and the Timbered Rock and
South Cascades study areas had similar extinction probabili-
ties before and after the Timbered Rock burn. We did not
consider this model further, because the 2 best ranked models
had similar interpretations with a combined model weight of

Table 4. Model selection results for extinction (g), colonization (), and detection (P) probability models in the analysis of site occupancy of northern spotted
owls at the South Cascades Demographic Study Area and the Timbered Rock study Area in southwest Oregon, USA, from 1992 to 2006. We presented only
models with an Akaike weight >0.01. We considered models that compared differences between study areas (area) and no differences between areas (-), and we
considered several biologically plausible temporal effects including constant rates among years (-), variable rates among years (#), and linear (7), log-linear (In 7),
and quadratic (7°7) trends over time. For all extinction, colonization, and detection probability models, the best initial occupancy (W) model was W (area).

Model AIC2? AAICP w® K Deviance
Extinction—e¢
e(Pre-burn(area + #)Post-burn(area + #))y(area + T)P(year, area + In 7) 8689.47 0.00 0.42 66 8552.27
€(Pre-burn(#)Post-burn(area + #))y(area + 7)P(year, area + In 7) 8691.00 1.53 0.19 65 8555.96
e(dy(area + T)P(year, area + In 7) 8691.31 1.84 0.17 64 8558.42
g(area + Ay(area + T)P(year, area + In 7) 8692.58 3.12 0.09 65 8557.54
e(Pre-burn(area + #)Post-burn(area x #))y(area + 7)P(year, area + In 7) 8692.77 3.30 0.08 69 8549.08
&(Pre-burn(#)Post-burn(area x #))y(area + T)P(year, area + In 7) 8694.30 4.83 0.04 68 8552.78
Colonization—y
g(area x Ay(area + T)P(year, area + In 7) 8700.13 0.00 0.43 78 8536.83
g(area x Ay(area + TT)P(year, area + In 7) 8702.15 2.03 0.16 79 8536.66
g(area x Ay(Pre-burn (area + 7)Post-burn area + 7))P(year, area + In 7) 8702.29 2.16 0.15 79 8536.80
e(area X #)y(Pre-burn(area + 7T)Post-burn(area x 7))P(year, area + In 7) 8702.32 2.19 0.15 79 8536.83
e(area X A)y(Pre-burn(area)Post-burn(area))P(year, area + In 7) 8703.02 2.89 0.10 78 8539.72
g(area x #y(Pre-burn(7)Post-burn(area x T))P(year, area + In 7) 8708.47 8.35 0.01 79 8542.98
Detection probability—P*
g(area x Ay(area X £)P(year, area + In 7) 8729.48 0.00 1.00 103 8510.61
g(area X Ay(area x #)P(year, In 7T) 8742.66 13.18 0.00 88 8557.33

* Akaike’s Information Criterion corrected for small sample sizes.
> The difference between the model listed and the best AIC, model.
¢ Akaike weight.

No. parameters in model.

¢ Detection probability modeling notation is P (among year detection, within year detection).
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Figure 2. Estimated extinction, colonization, and site occupancy probabil-
ities (95% CI) of northern spotted owls at the Timbered Rock and South
Cascades study areas in southwest Oregon, USA from 1992 to 2006.

0.62 and indicated that post-burn, extinction probabilities
were greater at Timbered Rock.

The best model for colonization was y (area + 7), and no
models were within 2.0 AIC. units of the best model
(Table 4). Model vy (area + 7) had a weight of 0.43 indi-
cating strong support for this model. Interpretation of the
best model was that colonization probabilities differed be-
tween study areas and declined linearly over time.
Colonization probabilities were greater at the South
Cascades (B=1.31, 95% CI = 0.60-2.03) than at
Timbered Rock and declined over time (8 = —0.06, 95%
CI = —0.12 to 0.00) at both areas (Fig. 2). Wildfire and
salvage logging did not appear to influence post-burn colo-
nization probabilities at Timbered Rock because models that
included changes in colonization probabilities following
wildfire were not competitive (i.e., AAIC, > 2.0) with the
best model (Table 4).

We combined the best ranked models for initial occupan-
cy, extinction, colonization, and detection probabilities to
obtain our best overall model (Table 4), which we used to
contrast trends in occupancy probabilities over time at the
Timbered Rock and South Cascades study areas. We used
the best overall model [W(area)e[Pre-burn(area + #)Post-
burn(area + #)]y(area + T)P(year + area + In 7)] to cal-
culate year-specific occupancy estimates for each study area.

Site occupancy by spotted owls at the South Cascades
declined from 1992 to 1994, remained relatively stable
from 1995 to 2005, and declined again in 2006 (Fig. 2).
In contrast, site occupancy by spotted owls at Timbered
Rock declined slightly from 1992 to 2002 and declined in
an almost linear fashion from 2003 to 2006, which corre-
sponded to the years following the Timbered Rock burn
(Fig. 2). Between 2002 and 2006, the estimated proportion
of spotted owl territories occupied by a pair at South
Cascades declined from 0.68 to 0.51, a 25% reduction in
site occupancy. In contrast, the estimated proportion of
spotted owl territories occupied by a pair at Timbered Rock
declined from 0.56 to 0.20, a 64% reduction in site occu-
pancy during the same time period. This indicated that
occupancy of territories by spotted owls in a recently burned
landscape that was subjected to salvage logging declined at
a greater rate than in a recently unburned landscape.

Relationship Between Wildfire, Salvage Logging, and
Spotted Owl Site Occupancy

Our objective in this portion of the analysis was to determine
the best model prior to modeling habitat covariates; conse-
quently, we did not consider any competing models. The best
model that described study area and temporal effects on
spotted owl site occupancy at the Biscuit, Quartz, and
Timbered Rock burns from 2003 to 2006 was
W()e(BIS # TR = Q_+ T)y(-)P(-) (Table 5). Detection
probabilities were constant within and among years, and
equal between study areas. The probability of detecting a
spotted owl pair on any 1 visit was 0.46 (95% CI = 0.39-
0.53). The probability of initial occupancy was similar be-
tween study areas and was 0.46 (95% CI = 0.30-0.62) in
2003 at all 3 study areas. Colonization probabilities were also
similar among study areas and constant over time. The
probability that an unoccupied territory would be colonized
the subsequent year was 0.15 (95% CI = 0.07-0.26).
Extinction probabilities were greater at the Biscuit burn
(B=558, 95% CI = 1.25-9.91) than the Quartz and
Timbered Rock burns and increased from 2004 to 2006
(B=12.96, 95% CI = 0.97-4.94) at all 3 study areas.
Extinction probabilities at the Quartz and Timbered Rock
burns increased from 2004 to 2006 (0.11, 95% CI = 0.03—
0.36; 0.72, 95% CI = 0.41-0.90, respectively). In contrast,
extinction probabilities increased from 0.37 (95%
CI = 0.11-0.73) in 2004 to 0.92 (95% CI = 0.58-0.99)
in 2006 at the Biscuit burn. Based on the point estimates,
extinction probabilities have increased dramatically for all
areas (11-92%).

We modeled individual covariates as an additive effect with
the best study area and temporal effects model (Table 5) to
determine the spatial scale (core or territory) and relationship
(linear or log-linear) that best described the effect of the
covariate on initial occupancy, extinction, and colonization
parameters (Table 6). In most cases, the models for alterna-
tive spatial scales and relationships were competitive (i.c.,
AAIC, < 2.0) with the best model for each covariate; how-
ever, our objective was to reduce redundancy between models
and reduce the number of models in the final step of our
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Table 5. Model selection results for initial occupancy (¥), extinction (g), colonization (7y), and detection (P) probability models in the analysis of site occupancy
of northern spotted owls without site-specific covariates at the Biscuit (BIS), Quartz (Q), and Timbered Rock (TR) burns in southwest Oregon, USA, from 2003
to 2006. We presented only models with an Akaike weight >0.05. We considered models that compared differences between study areas (area) and no
differences between areas (-), and we considered several biologically plausible temporal effects including constant rates among years (-), variable rates among years

(#), and linear (7), log-linear (In 7), and quadratic (7°7) trends over time.

Model AIC? AAIC} ws K Deviance
Extinction—e
W()e(BIS # TR = Q_+ T)y()F(, ) 476.93 0.00 0.28 6 464.38
W()e(T)y()P(, ) 477.79 0.86 0.18 5 467.39
W()e(BIS # TR = Q + In TWy()P(, ) 477.94 1.01 0.17 6 465.39
V(- )e(ln Dy()PG, -) 478.65 1.72 0.12 5 468.26
W()e()y(-)P(-, -) 479.35 2.42 0.08 6 466.80
W()e(TT)y()P(-, ) 479.35 2.42 0.08 6 466.80
W(-)e(area + £)y()P(, -) 480.17 3.24 0.05 8 463.21
Colonization—y
W(-)e(area x Hy(-)P(, -) 482.39 0.00 0.70 10 460.91
W()e(area x Ay(BIS # TR = Q)P(-, ) 487.41 5.02 0.06 13 458.90
Initial occupancy—¥
W(-)e(area x £)y(area x HP(-, -) 499.61 0.00 0.44 20 453.52
W(BIS # TR = Q)e(area x #y(area x HP(-, -) 501.12 1.51 0.21 21 452.37
W(BIS = Q_# TR)g(area x #y(area x AP(-, -) 501.50 1.89 0.17 21 452.75
W(BIS = TR # Q)e(area x #y(area x HP(-, -) 502.27 2.66 0.12 21 453.52
W(area)e(area x #)y(area x AHP(:, -) 503.70 4.09 0.06 22 452.26
Detection probability—P*
W(area)e(area x #)y(area x A)P(:, -) 503.70 0.00 0.52 22 452.26
W(area)e(area x fry(area x £)P(In 7, -) 506.28 2.58 0.14 23 452.11
W(area)e(area x #y(area x #)P(T, -) 506.44 2.74 0.13 23 452.26
W(area)g(area x fyy(area x £)P(17T, -) 506.51 2.81 0.13 23 452.33
W(area)e(area X #)y(area X #)P(year, -) 507.56 3.86 0.08 25 447.79

* Akaike’s Information Criterion corrected for small sample sizes.

> The difference between the model listed and the best AIC, model.
© Akaike weight.

4 No. parameters in model.

¢ Detection probability modeling notation is P (among year detection, within year detection).

analysis. As a result, we did not consider competing models
and assumed the highest ranked model best described the
relationship of the covariate on each occupancy parameter.
After determining the best spatial scale and relationship of
each covariate, we looked for correlations between variables
that were included in the same model. None of the variables
that were included in the same model were highly correlated
(# < 0.31 in all contrasts). Consequently, we did not ex-
clude any variables from our candidate model set because of
colinearity (Table 3).

Fire severity and habitat effects.—The best model that de-
scribed the relationship between site occupancy and fire
severity, salvage logging, and habitat covariates at the
Biscuit, Quartz, and Timbered Rock burns from 2003 to
2006 indicated that initial occupancy was best predicted by
intermediate-aged and older forest that burned with a mod-
erate severity at the core scale and amount of edge at the core
scale. Extinction was best predicted by early seral stands that
burned with high severity or were salvage logged at the core
scale and amount of edge at the territory scale with extinction
rates differing across time and at Biscuit sites. Colonization
was best predicted by intermediate-aged older forests with
low and moderate burn severity at the core scale and detec-
tion was constant across variables (Table 6). One model was
within 2.0 AIC, units of the best model for extinction
probability (Table 6). However, this model was a slight

variation of the best model and did not include the covariate

representing edge at the territory scale, so it was not consid-
ered further because the amount of edge at the territory scale
improved model fit. No models competed with the best
initial occupancy and colonization probability models
(Table 6). The best overall covariate model ranked substan-
tially higher (AAIC, = 27.12) than the model that only
included study area and temporal effects (Table 6). This
indicated that the covariates used in this model explained
some of the variability observed in post-fire site occupancy by
spotted owls at the Biscuit, Quartz, and Timbered Rock
burns.

Our best initial occupancy model included variables for the
amount of low severity burn and edge (km) within the core
use area (Table 6). The confidence intervals of the beta
coefficients for the amount of low severity burn within the
core area (B=0.52, 95% CI = —0.22 to 1.26) and the
amount of edge (km) in the core area (B=—0.42, 95%
CI = —0.92 to 0.10) broadly overlapped zero, which indi-
cated that neither of these variables influenced initial occu-
pancy probabilities. Extinction probabilities increased as the
combined area that was previously harvested, burned with a
high severity, or salvage logged increased (B =1.88, 95%
CI = 0.10-3.66; Fig. 3a). We found some evidence that the
amount of edge (km) within a territory had a positive effect
on extinction probabilities as the 95% confidence intervals
overlapped 0 slightly (B =0.18, 95% CI = —0.01 to 0.37;
Fig. 3b). We found weak support that colonization proba-
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Table 6. Initial occupancy (W), extinction (€), and colonization (y) models in the analysis of covariate effects on site occupancy of northern spotted owls at the
Biscuit (BIS), Quartz (Q), and Timbered Rock (TR) burns in southwest Oregon, USA, from 2003 to 2006. We presented only models with an Akaike weight
>0.05. For all initial occupancy, extinction, and colonization models the best detection probability model was constant detection among and within years (P(-, -)).

Model® AICS AAIC.© w K Deviance
Best overall model
P(ln LOWc + EDGEc)e(BIS # TR = Q + 7'+ In EARHISALVc + 449.81 0.00 1.00 14 418.89
EDGEt)y(INTLc 4+ INTMc + OLDLc + OLDM¢)P(;, -)
W(-)e(BIS # TR = Q_+ T)y()P(-, -)—Base model 476.93 27.12 0.00 6 464.38
Initial occupancy—W¥
P(ln LOWc + EDGEc)e(BIS # TR = Q 4+ T)y(-)P(, -) 473.78 0.00 0.36 8 456.82
W(ln LOWo)e(BIS # TR = Q + Dy(-)P(-, -) 476.01 222 0.12 7 461.27
W(INTLc + OLDLc)e(BIS # TR = Q + T)v(-)P(, ) 476.09 2.30 0.12 8 459.13
W(RFc + In NRFo)e(BIS # TR = Q + 7) y()P(,, -) 476.43 2.65 0.10 8 459.47
W()e(BIS # TR = Q_+ T)y()P(:, -)—Base model 476.93 3.15 0.08 6 464.38
W(INTLc + INTMt + OLDLc + OLDM¢t)g(BIS # TR = Q + T)y(-)P(, -) 477.43 3.65 0.06 10 455.94
W(OLDLc)e(BIS # TR = Q + Dy()P(, ) 477.64 3.85 0.05 7 462.89
W(In NRFc)e(BIS # TR = Q + T)y()P(, -) 477.88 4.09 0.05 7 463.14
Extinction—e
P(-)e(BIS # TR = Q + T + In EARHISALVc + EDGEt)y(-)P(-, -) 464.61 0.00 0.60 8 447.65
W()e(BIS # TR = Q + T + In EARHISALVc)y(-)P(-, -) 466.50 1.89 0.23 7 451.76
P()e(BIS # TR = Q + 7 + In HARVESTc + HIGHc)y(-)P(;, -) 469.49 4.88 0.05 8 452.53
P()e(BIS # TR = Q + T + In EARLYc + HISALVc)y()P(, -) 469.73 5.12 0.05 8 452.77
Colonization—y
W(-)e(BIS # TR = Q + T)y(INTLc + INTMc + OLDLc + OLDM¢t)P(;, ) 462.72 0.00 0.65 10 441.24
W()e(BIS # TR = Q + 7)y(INTLc 4+ INTMc + OLDLc + OLDMt + In EDGEC)P(,, -)  464.93 221 022 11 441.14
W(-)e(BIS # TR = Q_+ 7)y(OLDLc + OLDMt)F(,, -) 467.27 4.54 0.07 8 450.31

* Variables preceded by In were modeled using a log-linear relationship, variables followed by a c were modeled at the core area scale, and variables followed by
# were modeled at the territory scale. INTL, intermediate-aged forest that burned with a low severity; INTM, intermediate-aged forest that burned with a
moderate severity; OLDL, older forest that burned with a low severity; OLDM, older forest that burned with a moderate severity; LOW, intermediate-aged
and older forest that burned with a low severity (combined area of INTL and OLDL); MOD, intermediate-aged and older forest that burned with a
moderate severity (combined area of INTM and OLDM); EDGE, the interface between forested areas that burned with low or moderate severity and areas
that were early seral stands, burned with high severity, or were salvage logged; EDGE was modeled as an additive effect with the best-ranked covariate model
to determine if it improved model fit; EARLY, non-forested areas early seral stands that burned with any severity; HIGH, the combined area of
intermediate-aged and older forest that burned with a high severity; SALVAGE, any intermediate-aged or older forest that was salvage logged; HARVEST,
any forested area that was harvested before or after the burn (combined area of EARLY and SALVAGE); HISALV, any forested area, excluding early
stands, that burned with a high severity or was salvage logged (combined area of HIGH and SALVAGE); EARHISALV, any early seral stand or forested
area that burned with high severity or that was salvage logged (combined area of EARLY, HIGH, and SALVAGE); RF, intermediate-aged forest that
burned with a low or moderate severity (combined area of INTL and INTM); NRF, older forest that burned with a low or moderate severity (combined area

of OLDL and OLDM); T, linear time.
b Akaike’s Information Criterion corrected for small sample sizes.
¢ The difference between the model listed and the best AIC, model.
4 Akaike weight.
¢ No. parameters in model.

bilities increased as the amount of intermediate-aged forest
that burned with a low severity within the core area in-
creased (B = 0.10,95% CI = —0.01 to 0.38; Fig. 4a) as the
amount of older forest that burned with a low severity
within the core area increased (B=0.10, 95%
CI = —0.01 to 0.22; Fig. 4b), and as the amount of older
forest that burned with a moderate severity within the
territory increased (B=0.82, 95% CI = —0.05-1.69;
Fig. 4c). We found no evidence that colonization proba-
bilities were associated with the amount of intermediate-
aged forest that burned with a moderate severity within the
core area (B = —1.20, 95% CI = —3.21 to 0.80).

DISCUSSION

Comparison of the South Cascades to Timbered Rock

As predicted, the Timbered Rock and South Cascades study
areas had relatively similar trends in site occupancy prior to
the Timbered Rock burn. However, extinction probabilities

increased at Timbered Rock following wildfire and subse-
quent salvage logging, which combined with the lesser col-
onization rates at Timbered Rock contributed to greater
declines in site occupancy than were observed in recently
unburned landscapes at the South Cascades (Fig. 2). The
Timbered Rock study area had an approximately 64% re-
duction in site occupancy following wildfire, whereas the
South Cascades study area had a roughly 25% reduction in
site occupancy during the same time period. This supported
our prediction that occupancy rates in burned and salvage
logged landscapes would decline at a greater rate than un-
burned landscapes. Our results contrast with those of previ-
ous studies that compared occupancy rates of spotted owls in
burned and unburned landscapes. Jenness et al. (2004) found
that territory occupancy of Mexican spotted owls in burned
areas was similar to unburned areas. Roberts et al. (2011)
found that site occupancy of California spotted owls in
randomly selected burned and unburned areas were similar.
Neither of these studies was affected by the high degree of
salvage logging we observed following the Timbered Rock
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Figure 3. The estimated effects of the percent of (a) forested area that
burned with a high severity or was previously harvested or salvage logged
and (b) forest edge on extinction probabilities of northern spotted owls at the
Biscuit, Quartz, and Timbered Rock burns in southwest Oregon, USA from
2003 to 2006. The 95% confidence intervals for the estimated effects are
represented by gray, dashed lines. The median values of the additional
covariates in the model were held constant while varying the covariate of
interest over the observed range of values.

burn, which may explain the difference between our results
and those of previous studies.

The approximately 25% reduction in site occupancy at the
South Cascades from 2002 to 2006 was somewhat surprising
given that the study area did not have any large scale dis-
turbances during this time. However, several spotted owl
populations have been declining throughout the subspecies’
range (Anthony et al. 2006, Forsman et al. 2011), and
declines in site occupancy at the South Cascades could be
related to ongoing population declines that are unrelated to
natural disturbances. Dugger et al. (2011) found that barred
owls (Strix varia) had negative impacts on site occupancy by
spotted owls by decreasing colonization rates and increasing
extinction rates. This likely explains much of the nearly 25%
decline in site occupancy we observed from 2002 to 2006 at
the South Cascades. The 64% reduction in site occupancy at
Timbered Rock from 2002 to 2006 was substantially greater
than the roughly 25% decline observed at South Cascades,
which suggests that wildfire, subsequent salvage logging, and
past timber harvest contributed to the greater declines in site
occupancy at Timbered Rock. We estimated that following
the Timbered Rock burn only 46% of the area within
2,230 m of spotted owl territories were intermediate-aged
or older forests that burned with a low or moderate severity
(Table 1). This amount of habitat is marginal for successful
reproduction (Bart and Forsman 1992) and may cause
decreases in survival rates of the subspecies (Franklin et al.
2000, Dugger et al. 2005).

The large declines in site occupancy following the

Timbered Rock burn are most likely explained by dispersal
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Figure 4. The estimated effects of the percent of (a) intermediate-aged
forest that burned with a low severity, (b) older forest that burned with a
low severity, and (c) older forests that burned with a moderate severity on
colonization probabilities of northern spotted owls at the Biscuit, Quartz,
and Timbered Rock burns in southwest Oregon, USA from 2003 to 2006.
The 95% confidence intervals for the estimated effects are represented by
gray, dashed lines. The median values of the additional covariates in the
model were held constant while varying the covariate of interest over the
observed range of values.

out of the burn (i.e., emigration) and decreased survival of
spotted owls. Several color-banded, adult spotted owls at the
Timbered Rock burn (2 pairs and 1 individual, 25% of the
known pre-fire population) dispersed to an unburned terri-
tory adjacent to the burn, 1-2 years post-fire (OCFWRU,
unpublished data). Adult dispersal is a relatively rare occur-
rence in spotted owls throughout their range (Forsman et al.
2002: 5%, Zimmerman et al. 2007: 2%); however, owl terri-
tories may be abandoned when large amounts of mature and
older forest are lost (Bart and Forsman 1992, Bart 1995). We
believe that the relatively high rate of adult dispersal follow-
ing the Timbered Rock burn suggests that insufficient habi-
tat remained at abandoned territories to support a spotted
owl pair. In addition, radio-marked spotted owls that main-
tained a territory within the Timbered Rock burn had lower
survival rates (§'= 0.69 £ 0.12; Clark et al. 2011) than
reported throughout the subspecies’ range ((@ =0.75 to
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0.91 + 0.01 to 0.05; Anthony et al. 2006). Annual survival of
spotted owls was positively associated with greater amounts
of older forest within their home ranges or core use areas in
other studies (Franklin et al. 2000, Olson et al. 2004,
Blakesley et al. 2005, Dugger et al. 2005). High severity
wildfire and salvage logging removed and modified 26% of
the intermediate-aged and older forests within 2,230 m of
spotted owl territories at the Timbered Rock burn, and 28%
of the remaining area was previously harvested (i.e., early
seral forest; Table 1). Consequently, the large degree of
habitat loss and modification from past timber harvest,
high severity fire, and salvage logging following the
Timbered Rock burn likely contributed to the high levels
of dispersal out of the burn, decreased survival rates and
subsequent declines in site occupancy that we observed.
These declines in site occupancy appear to have continued
past the conclusion of our study because no spotted owls were
detected during surveys conducted during the 2011 breeding
season at the Timbered Rock study site (OCFWRU, un-
published data).

Increased extinction rates following the Timbered Rock
burn may have been exacerbated by the checkerboard land
ownership pattern of private and BLM lands (Richardson
1980). Private lands within the area of the Timbered Rock
burn are managed as industrial forests and are frequently
subjected to large-scale timber harvest, which creates large
tracts of early seral forest. Following the Timbered Rock
burn, much of the private land was salvage logged (17% of
the study area), which created large clear-cuts throughout the
landscape. Territory occupancy by spotted owls was nega-
tively associated with increased areas of clear-cuts within the
territory in another study (Thraillkill et al. 1998).
Consequently, the large areas of clear-cuts created by salvage
logging and past timber harvest (approx. 45% of the area
within 2,230 m of spotted owl territories; Table 1) poten-
tially exacerbated declines in site occupancy following the
Timbered Rock burn or confounded the effects of wildfire.
Declines in site occupancy may not be as large in burned areas
that were not subjected to previous timber harvest or sub-
stantial amounts of post-fire salvage logging.

Relationship Between Wildfire, Salvage Logging, and
Spotted Owl Site Occupancy

Extinction.—We predicted that occupancy of nesting ter-
ritories by spotted owls after fires would decline because of
increased extinction probabilities attributable to habitat loss
and modification from past timber harvest, high severity fire
and salvage logging. Our results supported this prediction
because extinction probabilities increased as the combined
area of high severity burns, salvage logging, and early seral
forest increased (Fig. 3a; B =1.88, 95% CI = 0.10-3.66).
This was the strongest relationship we observed in this
analysis because it was the only habitat covariate where
the 95% confidence interval for the regression coefficient
did not overlap 0. Unfortunately, we were unable to separate
the impacts of these 3 variables on extinction probabilities.
When these 3 variables were included separately, the models

were not competitive with the model that combined these
variables into a single covariate (Table 6). This may indicate
that we lacked the precision to separate the impacts of these 3
variables or they were confounded. However, our results
suggest that these 3 variables work in concert and generate
synergistic effects. Any 1 disturbance event may not generate
negative effects on occupancy of territories, but the combined
loss and modification of habitat from these 3 factors nega-
tively affected spotted owls in our study. The combined
influence of these 3 factors may reduce spotted owl habitat
to such an extent that a threshold is passed and spotted owls
are no longer able to occupy the territory.

Spotted owls are associated with late-successional forests
(Forsman et al. 1984, Thomas et al. 1990), and their terri-
tories have greater amounts of older forests than surrounding
landscapes (Ripple et al. 1991, 1997; Meyer et al. 1998;
Swindle et al. 1999). Forest stands used by spotted owls
have large proportions of downed woody debris and snags,
high canopy cover, and high structural diversity (Hershey
et al. 1998, North et al. 1999, Irwin et al. 2000). Timber
harvest, salvage logging, and high severity fire remove or alter
many of these structural characteristics associated with spot-
ted owl habitat. As a result, we were not surprised that these
factors were associated with increased extinction probabili-
ties and declines in site occupancy. Spotted owls have high
site fidelity (Forsman et al. 1984, 2002; Zimmerman et al.
2007), and survival rates are positively correlated with in-
creased amounts of older forest in their territories (Franklin
et al. 2000, Olson et al. 2004, Dugger et al. 2005); conse-
quently, owls that occupied territories with a large degree of
past timber harvest, salvage logging, and high severity fire
were likely forced to emigrate out of the burned area or risk
decreased survival.

Radio-marked spotted owls at the Timbered Rock burn
were located closer to edge habitats than at random (Clark
2007), which suggests edge habitat may provide a benefit to
the subspecies. Spotted owls may prefer to forage in habitat
edges because of greater densities of some prey in early seral
forests (Carey and Peeler 1995, Franklin and Gutiérrez
2002), particularly woodrats in southwest Oregon and north-
west California (Zabel et al. 1995, Ward et al. 1998). Our
results provided some evidence that extinction probabilities
increased as the amount (km) of edge increased within
nesting territories increased (Fig. 3b; B=0.18, 95%
CI = —0.01-0.37), suggesting a negative impact of edge
habitat on spotted owl territory occupancy. In our analysis,
edge represented a metric of habitat fragmentation. Dugger
et al. (2011) observed greater colonization probabilities at
spotted owl territories when older forest was less fragmented,
and our results were similar. Franklin et al. (2000) indicated
that spotted owls are likely to have decreased survival at
territories with reduced amounts of interior forest, suggest-
ing that habitat fragmentation negatively affects spotted
owls. The patchy nature of high severity fire and salvage
logging created large amounts of edge habitat, which likely
reduced the amount of interior forest available to owls and
contributed to declines in site occupancy in our study.
Furthermore, increases in edge may be correlated with in-
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creased amounts of nonhabitat (i.c., nonforested and early
seral stands) and increases in nonhabitat have contributed to
declines in territory occupancy of California spotted owls
(Blakesley et al. 2005) and increases in extinction probabili-
ties in this study. Despite indications that spotted owls are
negatively affected by habitat fragmentation, the mechanism
of these effects is not well understood (Franklin and
Gutiérrez 2002). We calculated the amount of edge as the
interface between intermediate-aged and older forests that
burned with a low or moderate severity and all other habitat
types (Table 2). This classification of edge habitat delineated
distinct boundaries between stands of larger living trees and
high severity burns or early seral stands. Additional types of
edge habitats exist at the interface between intermediate-
aged and older forests or the interface between low and
moderate severity burns, and these types of edges may pro-
vide foraging habitat for spotted owls. Additional research
between the association of various edge habitats on spotted
owl demography and site occupancy is needed to clarify this
relationship.

Colonization.—QOverall, our estimated effects of habitat
covariates on colonization probabilities were relatively im-
precise. We attributed this lack of precision to the fact that
we observed only 6 colonization events at our 3 study areas
from 2003 to 2006. Despite the fact that we observed rela-
tively few colonization events, we were still able to document
several biologically meaningful associations between post-
fire habitat and colonization probabilities. We suspect that if
additional colonization events had occurred during the
course of our research, our estimated effects of habitat on
colonization probabilities would be more precise.

We found some evidence that colonization probabilities
in our study were positively associated with increased
amounts of older forest that burned with a low severity
within the core area (Fig. 4b; B =0.10,95% CI = —0.01 to
0.22). Although this estimated effect had weak support,
this finding was expected and follows the well documented
association between spotted owls and older forest (Forsman
et al. 1984, Thomas et al. 1990). Furthermore, previous
research indicated that territory occupancy of California
spotted owls was positively associated with older forest
(Blakesley et al. 2005), extinction probabilities at northern
spotted owl territories were greater at territories with lesser
amounts older forest (Dugger et al. 2011) and site occu-
pancy by California spotted owls in areas that primarily
burned with a low and moderate severity was similar to
unburned areas (Roberts et al. 2011). Older forests that
burned with a low severity are likely the highest quality
spotted owl habitat in post-fire landscapes. These areas
likely retained much of the canopy cover, downed woody
debris, snags, and structural diversity that is selected by
spotted owls (Hershey et al. 1998, North et al. 1999, Irwin
et al. 2000). As a result, unoccupied territories that have
high quality habitat (i.e., older forest that burned with a
low severity) will have the greatest probability of being
colonized by spotted owls. Within the Timbered Rock
burn, radio-marked spotted owls strongly selected for older

forest that burned with a low severity (Clark 2007), further

demonstrating the influence of this habitat on spotted owls
in post-fire landscapes.

Moderate severity burns likely remove and modify more of
the forest stand features selected by spotted owls than low
severity burns, yet many critical habitat features are likely
retained and allow moderately burned areas to provide habi-
tat for spotted owls following wildfire. Our analysis provided
weak support that colonization probabilities were positively
associated with increased amounts of older forest that burned
with a moderate severity (Fig. 4c; B =0.82, 95%
CI = —0.05 to 1.69). In addition to potentially providing
many of the critical habitat features of forest stands that
burned with a low severity, moderately burned stands likely
have decreased risk of stand-replacement in the future be-
cause of removal of ladder fuels (Agee 1993), which likely
increases the resilience of the forest stand to future distur-
bance. Spotted owls have been shown to disproportionately
forage in habitats that have high levels of prey abundance
(Carey et al. 1992, Carey and Peeler 1995, Zabel et al. 1995).
Moderate severity burns may increase habitat heterogeneity
and prey abundance, similar to the effects of heterogeneous
thinning of young forest stands (Carey 2001). However, we
did not test this hypothesis, and the potential benefits of
moderate severity burns in older forests for spotted owls are
unclear.

Previous studies have suggested a quadratic relationship
between survival and reproduction of spotted owls and the
amount of older forest surrounding nesting territories
(Franklin et al. 2000, Olson et al. 2004). These studies
suggest that territories that are not entirely comprised of
older forests are beneficial to spotted owls and that spotted
owls may be adapted to natural disturbances such as wildfire
that create a mosaic of forest conditions. Our results provided
weak support for this hypothesis because owl territories in
our study that had increased amounts of intermediate-aged
forest that burned with a low severity have a greater proba-
bility of being colonized by a pair of owls (Fig. 4a; B =0.10,
95% CI = —0.01 to 0.38). However, we expect a threshold
exists in this relationship because spotted owls are associated
with older forest (Forsman et al. 1984, Thomas et al. 1990)
and spotted owls that occupy territories with insufficient
amounts of older forest will have decreased survival and
reproductive rates (Franklin et al. 2000, Olson et al. 2004,
Dugger et al. 2005). The amount of intermediate-aged forest
that burned with a low severity at any 1 owl territory in our
study ranged from 0 to 38%. Territories that have insufficient
amounts of older forest will likely not be occupied by spotted
owls, but our results provided some evidence of a benefit of
habitat heterogeneity for spotted owls.

Initial occupancy.—We were unable to identify any rela-
tionships between initial occupancy probabilities and the
habitat covariates that we considered in our analysis. Our
best model for initial occupancy probabilities (Table 6) in-
cluded variables for the amount of the core area that burned
with a low severity (8 = 0.52,95% CI = —0.22 to 1.26) and
the amount of edge habitat (B=—0.42,95% CI = —0.92 to
0.10); however, both of these estimates were imprecise and
the 95% confidence intervals broadly overlapped zero, which
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suggested these relationships were not meaningful. Since
these relationships were not supported by the data, additional
research is needed to investigate the influence of low severity
fire and edge habitat on spotted owl site occupancy.

Our analysis of site occupancy at the Biscuit, Quartz, and
Timbered Rock burns indentified several meaningful rela-
tionships between site occupancy and amount of post-fire
habitat. All of these relationships were based on biologically
plausible hypotheses and have implications for spotted owl
management. However, the relationships we observed were
based on small sample sizes, non-random samples at the
Biscuit burn, and our estimated relationships were often
imprecise. Furthermore, our study was opportunistic and
observational, which prevents us from assigning cause and
effect relationships. Consequently, we suggest a cautionary
approach when applying our findings to future land man-
agement decisions. In particular, the relationships we ob-
served in our analysis may not be applicable to spotted owls in
post-fire landscapes that are not affected by post-fire salvage
logging.

Both wildfire and barred owls have been identified as
threats to the persistence of spotted owls (USFWS 2011).
Barred owls have expanded throughout the entire range of
the northern spotted owl (Dark et al. 1998, Pearson and
Livezey 2003) and are negatively affecting spotted owls
(Kelly et al. 2003, Olson et al. 2005, Dugger et al. 2011).
Furthermore, barred owls have a more generalized diet
(Hamer et al. 2001, Wiens 2012) and use a wider range
of habitats (Hamer et al. 2007) than spotted owls, which
suggests that barred owls may be better adapted to persist in
burned landscapes. We only detected 2 barred owls at the
Biscuit, Quartz, and Timbered Rock burns during demo-
graphic surveys conducted between 2003 and 2006, so we
believe that barred owls had little to no effect on our results.

Jointly, our analyses suggest that site occupancy by spot-
ted owls in burned landscapes is likely to decline, at least in
the short-term. These declines in site occupancy are driven
by large increases in extinction probabilities in post-fire
landscapes and are attributable to past timber harvest, high
severity fire, and salvage logging. Although territories that
had increased amounts of older forest that burned with a
low severity had the greatest colonization probabilities, we
only observed 6 colonization events at our 3 study areas
from 2003 to 2006, and this level of colonization was
insufficient to offset the high extinction probabilities we
observed. This suggests that insufficient habitat remained
at many of the spotted owls territories included in our
analyses to support a pair of spotted owls following wildfire.
Site occupancy by Mexican and California spotted owls in
landscapes that burned primarily with low or moderate
severities was similar to unburned landscapes (Jenness
et al. 2004, Roberts et al. 2011), which suggests that
spotted owls may be able to persist in burned landscapes.
These findings contrast our results, which suggested that
spotted owl site occupancy will decline in burned land-
scapes; however, our results were confounded by the effects
of past timber harvest and salvage logging. Additional
research in post-fire landscapes that have not been impact-

ed by past timber harvest and salvage logging are needed to
help clarify these relationships.

MANAGEMENT IMPLICATIONS

We identified several factors that influenced occupancy of
nesting territories by spotted owls in post-fire landscapes;
however, the strongest association we observed was that site
occupancy declined because of increased extinction proba-
bilities. Increased amounts of past timber harvest, salvage
logging, and high severity burns jointly contributed to in-
creased extinction probabilities and subsequent declines in
spotted owl site occupancy. Past timber harvest negatively
influenced site occupancy in our analysis, so we recommend
increased protection of older forest in dry forest ecosystems
to prevent future habitat loss to timber harvest and mitigate
potential losses of older forest to stand-replacing fire and
subsequent salvage logging. High severity fire was 1 of 3
factors that combined to increase local-extinction probabili-
ties of spotted owls in our study; however, we were unable to
separate the impacts of wildfire from land management
activities. As a result, we recommend future research to
clarify the relationship between high severity fire and spotted
owl site occupancy in the absence of past timber harvest and
salvage logging. We believe that widespread, stand-replacing
wildfires will negatively affect site occupancy by spotted owls,
so we suggest efforts should be made to reduce the risk of
widespread, stand-replacing wildfire in spotted owl habitat.
However, a precautionary approach should be taken when
implementing fuel reduction techniques that will reduce that
risk of stand-replacing wildfire. Research is needed to ensure
that fuel reduction techniques, particularly commercial or
non-commercial thinning, are not detrimental to spotted
owls, their habitat, or prey before fuel reduction techniques
are implemented on a large scale. Our results also indicated a
negative impact of salvage logging on site occupancy by
spotted owls. We recommend restricting salvage logging
after fires on public lands within 2.2 km of spotted owl
territories (the median home range size in this portion of
the spotted owl’s range) to limit the negative impacts of
salvage logging. Our results indicated a negative response of
spotted owls to wildfire in the short-term, but the response is
likely to vary over time; however, little is known about the
long-term response of spotted owls to wildfire. As a result,
long-term monitoring studies should be implemented in
post-fire landscapes to determine the response of spotted
owls to wildfire over time.
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Experimental Removal of Barred Owls to Benefit Threatened Northern Spotted Owls Final EIS

Executive Summary

This Final Environmental Impact Statement (Final EIS) describes and evaluates nine alternatives
for an experimental removal of northern barred owls (Strix varia varia) (barred owl) on a scale
sufficient to determine if the removal would increase northern spotted owl (Strix occidentalis
caurina) (spotted owl) site occupancy and improve population trends. Results from these
experiments would be used by the U.S. Fish and Wildlife Service (Service) to inform future
decisions on potential long-term management strategies for barred owls.

S.1 Background

The purpose of the proposed action is to conduct research on the effects on spotted owls of the
removal of barred owls. This research would require we obtain a permit under the Migratory
Bird Treaty Act for scientific collection of barred owls, a Federal action. As a component of the
issuance of that permit we are conducting a National Environmental Policy Act (NEPA) review.
Because of the scope and controversy over the potential removal of a number of barred owls
from the wild, we developed this Final EIS. We are also conducting a consultation under section
7 of the Endangered Species Act (ESA). Depending on the study area and land management
agency involved, the experiment may require additional Federal and State permits. Any
experiment on National Parks or Recreation Areas would require a research permit. Study areas
on National Forests may require a special use permit. This Final EIS may serve as the NEPA
documentation for issuance of these permits.

In the most recent review of the condition of northern spotted owls, the Revised Recovery Plan
for the Northern Spotted Owl (Revised Recovery Plan) (USFWS 2011, entire) identified past
habitat loss, current habitat loss, and competition from the recently arrived barred owls as the
most pressing threats to the northern spotted owl (USFWS 2011, p. 1-6.).

The Revised Recovery Plan states, “Barred owls reportedly have reduced spotted owl site
occupancy, reproduction, and survival. Limited experimental evidence, correlational studies,
and copious anecdotal information all strongly suggest barred owls compete with spotted owls
for nesting sites, roosting sites, and food, and possibly predate spotted owls.... Because the
abundance of barred owls continues to increase, the effectiveness in addressing this threat
depends on action as soon as possible” (USFWS 2011, p. I11-62).

Barred owls are native to eastern North America, but only recently arrived in the West. They
were first documented in the range of the northern spotted owl in Canada in 1959 and in western
Washington in 1973. The range of the barred owl in the western United States now completely
overlaps with the range of the northern spotted owl. We observe that as the number of barred
owls detected in historical spotted owl territories increase, the number of spotted owls decrease.
In the Pacific Northwest, barred owl populations developed first in Washington and spotted owl
populations have declined at the greatest rate in these areas.
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Although northern spotted owl populations have been declining for many years, the presence of
barred owls exacerbates the decline. Recent studies (Olson et al. 2005, p. 918; Forsman et al.
2011a, pp. 69-70, 75-76) have established negative relationships between barred owl presence
and declines in spotted owl population performance across the range of the subspecies. This
could result in the extirpation (local extinction) or near extirpation of the northern spotted owl
from a substantial portion of their historical range, even if other known threats, such as habitat
loss, continue to be addressed. Given the continuing range expansion and population growth of
barred owl populations in the western United States and concurrent decline in northern spotted
owl populations, information on the effectiveness of a removal program is urgently needed.

Recovery Action 29 in the Revised Recovery Plan focuses on acquiring the information
necessary to help identify effective management approaches and guide the implementation of
appropriate management strategies for barred owls. It proposes experimental removal of barred
owls to determine if the removal would increase spotted owl site occupancy and improve
population trends (USFWS 2011, pp. 11I-62, I11-65).

“Recovery Action 29: Design and implement large-scale control [removal] experiments
to assess the effects of barred owl removal on spotted owl site occupancy, reproduction,
and survival.

While the evidence of threat is strong and very persuasive, it is not yet sufficient for the Service
to consider undertaking a wider removal effort. We need data on the effectiveness of barred owl
removal in improving spotted owl population trends, as well as the efficiency of removal as a
management tool. Conducting this experiment would allow us to develop a better understanding
of the impacts barred owls are having on spotted owl populations. It would also allow us to
determine our ability to reduce barred owl populations at a landscape level to permit spotted owl
population growth. Finally, it would allow us to estimate the cost of barred owl removal.

This Final EIS is specific to implementation of Recovery Action 29—implementation of large-
scale removal experiments to assess the effects of barred owl removal on spotted owl
populations. This Final EIS is limited to addressing this portion of the barred owl threat, the
removal experiment. The Service anticipates using the information from this experiment to
assist with future barred owl management decisions. We have no specific direction for future
management at this time, nor would the results of this experiment trigger any automatic actions.
Future decisions could range from no active management of barred owls to a mix of strategies,
including barred owl removal, other methods to reduce barred owl populations, or methods to
change the competitive advantage of barred owls. Even if removal of barred owls is chosen as a
component of barred owl management, this could range from small removal efforts in specific
areas and over short time frames to landscape-level removal efforts for long periods, periodic
removal programs, or other actions as yet not described. If a decision is made to manage barred
owl populations in the future, implementation would be preceded by completion of any
necessary legal requirements and NEPA compliance.
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S.2 Purpose of and Need for the Action

The purpose of the proposed action is to contribute to fulfilling the intent of the Act by rapidly
implementing experimental research necessary for conservation of the spotted owl in accordance
with Recovery Action 29 of the Recovery Plan (USFWS 2011, p. IlI-65). More specifically, the
purpose of the proposed action is to: (1) obtain information regarding the effects of barred owls
on spotted owl vital rates of occupancy, survival, reproduction, and population trend through
experimental removal; (2) determine the feasibility of removing barred owls from an area and the
amount of effort required to maintain reduced barred owl population levels for the duration of
the experiment; (3) estimate the cost of barred owl removal in different forested landscapes; and
(4) develop the information necessary to make a future decision about the management of barred
owls as expeditiously as possible.

The need for the action is that we lack desired information to: (1) determine the response of
spotted owl site occupancy, survival, reproduction, and population trend to barred owl removal;
(2) evaluate whether barred owls can be effectively removed from an area and level of ongoing
removal required to maintain low population levels of barred owls; (3) determine the cost of
removal in different types of forested landscapes to inform future management decisions; and (4)
inform timely decisions on whether to move forward with future barred owl management.

S.3 Description of the Proposed Action

The proposed action is to conduct an experiment to provide scientifically rigorous results
regarding the effects of barred owls on the spotted owl vital rates of occupancy, survival,
reproduction, and population trend through experimental removal, and determine the feasibility
of experimental removal of barred owls.

All action alternatives include the same experimental approach. Each study area is divided into
two comparable portions; barred owls are removed from the treatment area and left in the control
area. All areas are surveyed for spotted and barred owls. Spotted owl population data is
compared between the control and treatment areas to determine if removal of barred owls in the
treatment area resulted in a significant change in spotted owl population dynamics.

Potential study areas were selected from across the range of the northern spotted owl in
Washington, Oregon, and California, and may include ongoing spotted owl demographic study
areas, inactive spotted owl demographic study areas, or additional areas with varying levels of
past spotted owl surveys. Most study areas are focused on Federal lands, including areas within
National Forests, Bureau of Land Management managed lands, and National Parks and
Recreation Areas (North Cascades National Park, Ross Lake National Recreation Area, Lake
Chelan National Recreation Area, Olympic National Park, and Mount Rainier National Park).
Some wilderness areas may be included. We are also considering a study area on the Hoopa
Valley Indian Reservation. In some cases, interspersed private and State lands may occur within
the boundaries of the study area. Where possible, we would seek cooperation from nonfederal
landowners. Nonfederal lands would be included in the active experiment only if the landowners
are willing.
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The experiment will run until sufficient information is gathered to determine the effects of the
removal of barred owls on spotted owl population trends. The experiment will begin as soon as
possible, and results will be reviewed annually to determine when data are sufficient to answer
the research questions. Removal activities will end when data are sufficient to meet the purpose
and need. We set a maximum duration of 10 years of barred owl removal for the experiment. If
the experiment has not provided enough information to reach a conclusion within 10 years, it is
likely that removal of barred owls is not achieving the desired goal, thus other avenues should be
considered and the experiment ended.

S.4 Considerations Used in Developing the
Alternatives

S.4.1 Number of Study Areas

The alternatives range from 1 to 11 study areas. An experiment involving a single study area is
logistically simpler to conduct, but would not fully represent the diversity of physical features,
habitat types, barred owl density, and invasion history across the range of the northern spotted
owl. Given that each study area represents a single experiment, a single study area does not
provide for any replication, and results from a single study area may not be representative of
effects of barred owl removal in other parts of the northern spotted owls’ range. Multiple study
areas have greater total costs and require more complicated logistics, but can better represent the
range of conditions experienced by spotted owl populations, allowing better inferences across
their range. Multiple areas also allow for replication of results. By providing alternatives with
an array from 1 to 11 study areas, we can evaluate the costs and benefits of these different
approaches.

S.4.2 Distribution of Study Areas

In alternatives with more than one study area, we selected from different portions of the northern
spotted owl’s range to best represent the variation in conditions across the range. We considered
the following information:

e History of barred owl presence. Study areas in the north were invaded by barred owls
earlier and have a longer history of barred owl site occupancy than areas in southern
Oregon and northern California.

e Current density of territorial barred owls. Study areas in the north have generally higher
densities of barred owls than study areas in southern Oregon and northern California,
though this varies by study area.

e Current density of territorial spotted owls. Spotted owl population levels and site
occupancy on study areas have declined substantially and are declining in northern
Oregon. In southern Oregon and northern California, spotted owl populations and site
occupancy are higher, but are declining on most study areas.
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o Different habitat types. Spotted owl habitat varies across its range. There are large
differences in habitat type between wet and dry forests (west to east) and between areas
north and south of the Klamath Physiographic Province in Oregon.

o Differences in spotted owl food habits. North of the Klamath Physiographic Province in
Oregon northern flying squirrels represent a primary food source for spotted owls.
South of the Klamath Province the dusky-footed woodrat is a primary food source.

Based on these considerations, we divided the range of potential study areas into three basic
regions: Washington, northern Oregon, and southern Oregon/northern California.

S.4.3 Type of Study

All experiments described in the alternatives are based on a treatment (removal) and control
(non-removal) study design. Under this approach, study areas are divided into two comparable
segments. Barred owls are removed from the treatment area but not from the control area.
Spotted owl population parameters (e.g., site occupancy, demographic performance, population
trend) are estimated using the same methodology in both areas and the population measurements
are compared between the treatment and control areas.

Johnson et al. (2008, entire) described four basic study designs for barred owl removal
experiments to evaluate potential effects on spotted owls: demographic studies, occupancy
studies, site-specific studies, and invasion studies. We considered all of these approaches in
developing the alternatives, and are proposing to utilize both a demographic and occupancy
study approach.

DEMOGRAPHIC STUDY APPROACH. In demographic studies, individual spotted owls are
banded with a uniquely numbered leg band and a uniquely colored leg band. Territories are
surveyed every year in an effort to determine if the individual is still alive and present. Using
this information, scientists can calculate survival and recruitment rates (the rate at which new
individuals are added to the population). From this they can estimate the annual population
growth rate of spotted owls on the study area (Forsman et al. 2011a, p. 8). Additionally, in most
demographic studies data on the number of young fledged per year are recorded, allowing for
examination of effects on spotted owl reproduction. A primary goal of this approach is to
compare changes in population growth rates between treatment (removal) and control (non-
removal) areas, with the untreated control areas used to distinguish population changes that
might be occurring for other reasons.

A demographic experimental approach has several advantages. It allows us to estimate annual
population growth rate for treatment and control areas and assess the effects of barred owl
removal on spotted owl population trends. Because individual spotted owls are tracked, we can
measure the underlying vital rates (e.g., annual survival and recruitment of new individuals into
the population) of the population and determine which of these are influenced by barred owl
competition (Johnson et al. 2008, p. 19).
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However, the demographic experimental approach has some limitations. It requires the capture,
banding, and following of individual spotted owls, a relatively intensive method of data
collection.

OCCUPANCY EXPERIMENTAL APPROACH. In occupancy studies, spotted owl sites are
monitored rather than individual owls (individuals are not banded). Scientists use the presence
or absence of spotted owl detections, based on auditory surveys, to determine whether sites are
occupied or not. In its simplest form, we record only presence or absence of spotted owl
detections, though we can choose to gather information on the number of young produced on
each site. Presence/absence data can be used to estimate the rate of population change if the
study area is surveyed consistently. This approach provides less information on how the barred
owl removal changes the spotted owl population dynamics than the demographic approach;
because we cannot determine which vital rate (annual survival or recruitment) has changed in
response to barred owl removal. Because individual spotted owls are not banded or followed, we
cannot tell if any observed change occurs because individuals are on average surviving longer, or
because they are constantly replaced.

An occupancy experimental approach has several advantages. It is a relatively simple process,
only requiring comparable surveys on the treatment (removal) and control (non-removal)
portions of the experiment. There is no need to capture, band, or relocate individual owls. The
occupancy experimental approach has some limitations. Data collected in an occupancy
experiment can be used to provide estimates of site occupancy and potentially the rate of
population change, but do not provide estimates of annual survival or recruitment. Therefore, we
cannot identify which vital rates (survival or recruitment) are most affected by barred owl
competition, and obtain less information about the biological mechanisms of interspecies
competition than with demographic studies (Johnson et al. 2008, p. 19). The lack of banded or
individually identified spotted owls delays our ability to detect sink population dynamics,
situations where site occupancy is high because a series of individuals continue to occupy the
site while the overall population declines. Site occupancy may remain high and the actual loss of
birds go undetected until the source of non-territorial spotted owls to fill behind territorial
spotted owls is exhausted. Because we intend to terminate the experiment once we have
statistically significant data, we could miss the actual population decline altogether.

Additionally, occupancy studies provide data and conclusions with a lower ability to detect
differences (strength of inference) than the demographic approach, given that few study areas
have pretreatment data.

All experimental approaches and action alternatives include the following three basic
components:

e Survey spotted owls—survey the entire study area using spotted owl recorded calls and
current demographic survey protocols. The data collected varies by type of experiment.

e Survey barred owls—survey the entire study area using barred owl recorded calls to
define barred owl density and locate barred owl sites.

e Remove barred owls—using the process described below; remove all barred owls from
the treatment area.
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S.4.4 Removal Method

All experiments described in the alternatives would substantially reduce barred owl populations
in portions of the proposed study areas through the removal of barred owls. All removal
methods would avoid removing breeding barred owls with dependent young. There are two
basic methods to remove barred owls: lethal and nonlethal.

LETHAL REMOVAL METHOD. We selected a procedure for lethal removal that is as humane
and efficient as possible. It is designed to minimize the risk of accidental removal of other
species, particularly northern spotted owls and other listed species. The procedure is designed to
maximize the potential for specimens to be collected and used for other scientific purposes,
within the constraints of a quick and humane death. The general approach involves attracting
territorial barred owls with recorded calls and shooting birds that respond when they approach
closely

NONLETHAL REMOVAL METHOD. As with lethal removal, we designed a nonlethal removal
method that is as humane as reasonably possible and reduces stress on the birds. To accomplish
the experiment, any barred owls captured must be removed completely from the study area. To
avoid undue stress and problems with inadequate housing, we require that we have a destination
ready to take the birds before any capture is attempted. The procedure minimizes the risk to
other species, though this is less of an issue with capture as non-target species can be removed
from the capture apparatus and released in most cases. The approach involves attracting
territorial barred owls with a recorded call, and catching the responding birds in nets or other
trapping devices. Birds would be transported to temporary holding facilities, checked for
injuries or other health concerns, stabilized, and transported to permanent facilities or release
locations.

COMBINED REMOVAL METHOD. A combination of lethal and nonlethal removal may be
applied on a single study area. In this instance, we would capture enough birds to meet
placement opportunities and remove the remaining birds lethally.

S.5. The Alternatives

In addition to the No Action Alternative, we developed a Preferred Alternative and seven
additional action alternatives, two with sub-alternatives, based on an array of considerations.
These alternatives span the feasible and reasonable approaches to meeting the purpose and need
described in Chapter 1 of this Final EIS. The alternatives vary in number of study areas,
distribution of those study areas, type of study, method of removal, and presence or absence of
pretreatment data.

S.5.1 No Action Alternative

Under the No Action Alternative, no experimental removal would be conducted by the Service.
This would not prevent others from proposing such studies and seeking the necessary permits,
but there is no guarantee that any such efforts would occur.
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S.5.2 Action Alternatives

The action alternatives vary by location and number of study areas (1 to 11), type of experiment
(demographic or occupancy), and removal method (lethal or combined). We did not include the
nonlethal removal method because, based on early efforts, we do not anticipate being able to find
placement for more than 100 barred owls. All the action alternatives require the removal of more
than 100 barred owls. Since we would not capture barred owls without a location ready to accept
them, none of the alternatives could be implemented if limited to nonlethal removal. Because of
the limitations placed on using nonlethal removal methods for the experiment, the limited
options for placement of captured birds, the stress on the birds, and the likely outcome if released
elsewhere, use of nonlethal removal as the sole removal method in the experiment is not included
in the action alternatives.

S.5.2.1 Preferred Alternative

This alternative involves a demographic study approach using a combination of lethal and
nonlethal removal methods. This experiment would be conducted on four study areas with pre-
treatment demography data spread across the range of the northern spotted owl, including the Cle
Elum in Washington, one-half the combined Oregon Coast Ranges and Veneta in northern
Oregon, the Union/Myrtle in southern Oregon, and the Hoopa (Willow Creek) in California.
Given the size and number of spotted owl sites in the combined study areas, this alternative
would require an estimated duration of 4 years of barred owl removal to detect significant
results.

S.5.2.2 Alternative 1

This alternative involves a demographic study approach using lethal removal methods. This
experiment would be conducted on a single study area, out of the nine ongoing spotted owl
demographic study areas. We are considering the use of any one of these nine areas and are
analyzing the effects for each area. The estimated duration of barred owl removal for this
alternative varies from 4 to 7 years by study area, due primarily to the size of the study area and
the number of spotted owl sites. Smaller study areas or areas with fewer spotted owl sites would
take longer to detect statistically significant results.

S.5.2.3 Alternative 2

This alternative involves a demographic study approach using a combination of lethal and
nonlethal removal methods. This experiment would be conducted on three study areas spread
across the range of the northern spotted owl. To ensure that this represents the various
conditions across the range of the northern spotted owl, the three study areas would be
distributed such that one in Washington, one in northern Oregon, and one in southern Oregon or
northern California. Given the size and number of spotted owl sites in the combined study areas,
this alternative would require an estimated duration of 4 years of barred owl removal to detect
significant results.
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S.5.2.4 Alternative 3

This alternative involves a demographic study approach using a combination of lethal and
nonlethal removal methods. This experiment would be conducted on two study areas in Oregon
that are not spotted owl demographic study areas, but that have data to allow an estimate of
pretreatment spotted owl population trends: Veneta and Union/Myrtle. The Union/Myrtle area
has long-term monitoring data and the Veneta area has research and monitoring data that would
allow us to estimate pretreatment spotted owl population trends and survival rates. Both have
current or recent data on most spotted owl sites and banded spotted owls. Because they are
relatively small, we paired these treatment (removal) areas with control (non-removal) areas on
adjacent ongoing spotted owl demographic study areas. The Union/Myrtle area would be paired
with the Klamath Spotted Owl Demographic Study Area; the Veneta area would be paired with a
comparable portion of the Oregon Coast Ranges and Tyee Spotted Owl Demographic Study
Areas. Given the size and number of spotted owl sites in the two study areas, this alternative
would require an estimated duration of 4 years of barred owl removal to detect statistically
significant results.

S.5.2.5 Alternative 4

This alternative involves a demographic study approach using a combination of lethal and
nonlethal removal methods. This experiment would be conducted on two study areas that lack
current demographic data—Columbia Gorge in Washington and McKenzie in Oregon. These
two study areas have some past and current spotted owl survey data.

Alternative 4 includes two sub-alternatives. Under sub-Alternative 4a, we would take time to
gather pretreatment demographic data before beginning the removal portion of the experiment.
Under sub-Alternative 4b, we would start removal on the treatment portion of the study area after
year 2, immediately after establishing a population of banded spotted owls, and rely on
differences between the control and treatment areas to determine the effects of removal. Lack of
pretreatment data reduces the strength of the experimental approach.

Sub-Alternative 4a would require 5 years of pre-removal data collection to establish
demographic values (population trend, survival, recruitment), and 5 years of barred owl removal
to establish changes in these demographic measures between the control and treatment areas, for
a total of 10 years. Sub-Alternative 4b would require approximately 8 years: 2 years to develop
a population of banded spotted owls for analysis, and 6 years of barred owl removal to develop
the demographic measurements and detect differences between the control and treatment areas.

S.5.2.6 Alternative 5

This alternative involves an occupancy study approach using lethal removal methods.
Occupancy studies can be done as simple occupancy (presence or absence of spotted owls on
each site) or, with added effort, we can add information on reproductive success. This
experiment would be conducted on three study areas with existing and recent occupancy data
distributed across the range of the northern spotted owl. We selected the Cowlitz Valley, Veneta
(Oregon Coast Ranges/Tyee), and Union/Myrtle (Klamath) Study Areas for this alternative. As
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described in Alternative 3, the Veneta and Union/Myrtle areas would be treatment (removal)
areas paired with control (non-removal) areas on adjacent ongoing spotted owl demographic
study areas.

Given the size and number of spotted owl sites on the three study areas, a simple
presence/absence occupancy experiment would require 3 years of barred owl removal to detect
differences between the control and treatment areas (Option 1). If we add reproductive success
to the experiment, it would require an additional 2 years, bringing the duration to 5 years of
barred owl removal (Option 2).

S.5.2.7 Alternative 6

This alternative involves an occupancy study approach using a combination of lethal and
nonlethal removal methods. This experiment would be conducted on three study areas that do
not have current occupancy data. The McKenzie and Horse/Beaver Study Areas would contain
both treatment and control areas. Removal would occur on the Olympic Revised portion of the
Olympic Revised (Olympic Peninsula) Study Area with a control (non-removal) area on the
Olympic Peninsula Spotted Owl Demographic Study Area. These cover the three regions of the
spotted owl range described in Alternative 2.

Alternative 6 includes two sub-alternatives. Under sub-Alternative 6a, we would take time to
gather pretreatment occupancy data before beginning the removal portion of the experiment.
Under sub-Alternative 6b, we would start removal on the treatment portion of the study area
immediately and rely on differences between the control and treatment areas to determine the
effects of the removal. Lack of pretreatment data reduces the strength of the experimental
approach.

Sub-Alternative 6a would require 3 years of pre-removal data collection to establish occupancy
values and 3 years of barred owl removal data to establish changes in occupancy between the
control and treatment areas, for a total of 6 years for simple occupancy data, and 2 additional
years of barred owl removal if we add reproductive success measurements. Sub-Alternative 6b
would require approximately 4 years of barred owl removal for simple occupancy, and 2
additional years of barred owl removal if we add reproductive success measurements.

S.5.2.8 Alternative 7

This alternative involves both demography and occupancy study approaches, depending on the
study area, using a combination of lethal and nonlethal removal methods. For this experiment,
we selected a total of 11 study areas. We attempted to select one from each physiographic
province to provide stronger information from across the range of the northern spotted owl. In
some cases, where study areas have few potential spotted owl sites, more than one was selected
within a province to provide sufficient sample size. In very large provinces, additional study
areas were included to provide better distribution of results.

For most study areas we estimated the duration of barred owl removal based on the time required
to detect achieve significant results relative to the effects of removal on spotted owls. These
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vary from 3 to 10 years. For four study areas spread across the range of the spotted owl, we
chose to continue the barred owl removal for 10 years to determine if there were any different
long-term effects of removal. For example, whether observed changes in spotted owl
populations continue past the initial phase, taper off, or even reverse after the initial years of the
experiment.

S.6. Action Area

For this Final EIS, the action areas are the study areas, and the action area for each alternative is
made up of a combination of study areas. One study area may occur in more than one
alternative, and alternatives may have more than one study area in the action area. In most cases,
each study area is independent—actions on one study area do not affect those on other study
areas. This is due to the distance between study areas and the lack of significant effects of the
experiment beyond the study area boundary.

The study areas include Ross Lake, Wenatchee, Cle Elum, Olympic Peninsula, Olympic Revised
(Olympic Peninsula), Rainier, Cowlitz Valley, and Columbia Gorge in Washington; Oregon
Coast Ranges, Veneta (Oregon Coast Ranges/Tyee), Tyee, McKenzie, HJ Andrews,
Union/Myrtle (Klamath), Klamath, South Cascades, and Rogue Cascade (South Cascades) in
Oregon, and Horse/Beaver, Goosenest, Hoopa (Willow Creek), and Corral in California.

S.7. Environmental Consequences

For this Final EIS, we conducted an analysis of the potential effects to the human environment
(environmental consequences and cumulative effects). We identified potential effects for the
following resource areas: barred owls, northern spotted owls, other species, social and ethical,
economic, cultural resources; and recreation and visitor use, and are summarized below. We
determined no potential for effects to the remaining resource areas such as air, water, and
wetlands.

S.7.1 Effects on Barred Owls

Under the No Action Alternative no barred owls would be removed from this experiment. The
lowest number of barred owls we estimate would be removed, 321, occurs if we chose the Hoopa
(Willow Creek) Study Area in Alternative 1. The highest estimated number, 8,892, would be
removed under Alternative 7 (Table S-1). Under the Preferred Alternative, we estimate the
removal of 3,603 barred owls over the course of a 4 year experiment.

There are no estimates of the total population of barred owls in the range of the northern spotted
owl or throughout their range in North America with to compare these values. Therefore, to
provide the regional and rangewide context, we considered the percent of habitat from which
barred owls would be removed. Because no habitat estimates exist for barred owls, we used
spotted owl habitat as a conservative estimate within the range of the northern spotted owl.
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The smallest treatment area from which barred owls would be removed occurs if we chose the
Tyee Study Area in Alterative 1. Removal would occur on approximately 0.31 percent of the
habitat in the range of the northern spotted owl and 0.01 percent of the range of the barred owl.
The largest treatment area occurs in Alternative 7, approximately 6.55 percent of the habitat in
the range of the northern spotted owl and 0.20 percent off the range of the barred owl. Under the
Preferred Alternative, removal would occur on 1.72 percent of the habitat in the range of the
northern spotted owls and 0.05 percent of the range of the barred owl.

Table S-1. Summary of the estimated number of barred owls removed, percent of habitat in the
range of the northern spotted owl, and percent of habitat in the range of the barred owl.

Estimated Barred Percent of Total Percent of North
Alternative/ Sub- Owls Removed Habitat within Range | American Range of
Alternative During Experiment of Spotted Owl * Barred Owl 2
Preferred
] 3,603 1.72 0.05
Alternative
. Less than 0.01 to
Alternative 1 321t0 2,242 0.31t01.59
0.05
Alternative 2 1,450t0 5,784 1.33t03.90 0.04t00.12
Alternative 3 2,003 1.13 0.04
Sub-Alternative 4a 2,183 1.42 0.05
Sub-Alternative 4b 2,509 1.42 0.05
Alternative 5 2,494 to 3,463 2.05 0.07
Sub-Alternative 6a 2,007 to 2,787 2.08 0.10
Sub-Alternative 6b 2,397 to 3,175 2.08 0.10
Alternative 7 8,892 6.55 0.20
! Approximately 12,104,100 acres of spotted ow! habitat occurs within the range of the northern
spotted owl. We use spotted owl habitat as a surrogate for barred owl habitat which has not been
mapped or defined.
® Range of barred owl within range of northern spotted owl is approximately 3 percent of total
range of barred owl in North America.
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S.7.2 Effects on Northern Spotted Owls

Depending on the study area(s) chosen, the percentage of spotted owl habitat from which barred
owls would be removed ranges from 0.31 percent to 6.55 percent, and between 38 and 630
potential spotted owl sites within the treatment (removal) area may be reoccupied during the
experiment. The Preferred Alternative would remove barred owls from 1.72 percent of the
habitat in the range of the northern spotted owls, and effect up to 363 potential spotted owl sites
in the treatment areas. The magnitude of positive effect would vary based on current barred owl
population levels, likely being greatest where barred owl densities are low enough to have
allowed some spotted owls to persist on the treatment area. The proportion of spotted owl sites
with barred owl detections ranges from 18 percent to 71 percent within each of the study areas,
and the overall magnitude of positive effect would vary based on current spotted owl site
occupancy. Higher current occupancy allows spotted owls to reoccupy sites from which barred
owls are removed more quickly. Current spotted owl site occupancy varies from 22 percent of
the sites occupied, to 67 percent occupancy, and an average of 48 percent occupancy on the
study areas of the Preferred Alternative

The primary effect we anticipate is a positive change in spotted owl demographic performance
on the treatment portions of the study areas. Some minor and short-term negative effects may
result from the survey and removal activities.

S.7.3 Effects on Ongoing Spotted Owl Demographic Study Areas

Alternative 4 does not include any ongoing spotted owl demographic study areas. Alternatives 3,
5, and 6 do not include any removal on ongoing spotted owl demographic study areas. We
anticipate no significant effect from these surveys.

Alternatives 1, 2, and 7 include removal from up to one-half of one to three ongoing spotted owl
demographic study areas. The Preferred Alternative includes removal on three ongoing spotted
owl demography study areas, including two that are part of the Northwest Forest Plan
Effectiveness Monitoring Program. This would reduce the sample size of spotted owls for the
ongoing demographic study on the included study areas by up to 50 percent, increasing the
variance of estimates of demographic rates for both treatment and control areas. Because three
arcas would be used for removal in the Preferred Alternative and Alternatives 2 and 7, the
overall impact of these effects would be larger than for Alternative 1. Once the removal
experiment is concluded and barred owl populations recover to levels comparable to the control
areas, the treatment area(s) can be recombined with control area(s).

S.7.4 Effects on Other Species

Depending on the study area chosen, the treatment area would potentially provide temporary
relief from predation and competition from 4 to 25 State- or Federal-listed species. Thirteen of
the 21 potential study areas include at least some area within the likely inland range of the
marbled murrelet: Ross Lake, Olympic Peninsula, Olympic Revised (Olympic Peninsula),
Wenatchee, Cle Elum, Rainier, Cowlitz Valley, Oregon Coast Ranges, Veneta (Oregon Coast
Ranges/Tyee) Tyee, Union/Myrtle (Klamath), Klamath, and Hoopa (Willow Creek). The Hoopa
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portion of the Hoopa (Willow Creek) Study Area lies within the potential inland range of the
marbled murrelet; however, extensive surveys of the Hoopa portion of the Hoopa (Willow
Creek) Study Area have not verified any marbled murrelet use. If any of these are chosen, some
late-nesting marbled murrelets may be disturbed during barred owl removal. The overall
primary effect on other wildlife species is reduced predation and competition from barred owls.

S.7.5 Effects on the Social Environment

Ethical considerations in the removal of barred owls are very important to individuals and will
affect the way in which each person views the various alternatives in this Final EIS. The Service
has taken these perspectives, as expressed by commenters and the Barred Owl Stakeholders
Group into consideration in developing the approach and alternatives identified in this Final EIS,
including setting a clearly defined end point for removals (until information is sufficient to
answer the questions, and no more than 10 years) and a detailed removal protocol to ensure as
humane a removal process as possible. However, these are individual-level issues. We do not
anticipate that the proposed experimental removal of barred owls would change or impact
individual values in a manner that would affect the larger regional social environment.

We have identified three ways in which the alternatives may impact the social environment: (1)
public health and safety, (2) environmental justice, and (3) economic effects. The risk to public
health and safety is insignificant due to the use of shotguns by trained, authorized professionals
only, and a tight removal protocol. There are no foreseeable effects from any of the alternatives
that create any pollution or other deleterious environmental justice effects. Therefore, the
removal experiments do not raise concerns about environmental injustice. Potential effects to the
economy are described in Chapter 3.8 of this Final EIS.

S.7.6 Effects on Recreation and Visitor Use

Selecting one of the three potential study area including National Parks, Ross Lake, Rainier or
Olympic Peninsula Study Areas could result in impacts to the visitor experience through changes
in the soundscape from the discharge of shotguns during removal. Selecting any of the other
study areas would have no significant effect on recreation or visitor use as these Federal lands,
nonfederal lands, and wilderness areas are all open to hunting. The sound of firearms would not
significantly change the soundscape of the area. The Primary effect is a result of the use of lethal
removal methods on National Parks where visitors are not anticipating the sound of firearms.
National Parks may experience barred owl removal under Alternatives 1, 2, and 7. No removal
on National Parks would occur under the Preferred Alternative.
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S.7.7 Effects on the Economy

The primary mechanism for effect is the potential restriction on timber harvest around newly
reoccupied spotted owl sites in the treatment areas. Due to State law and habitat conservation
plans, there is no effect on timber harvest in study areas in Washington and California. For
Oregon study areas, the potential economic effect is between zero and the value of the timber on
2,893 acres of land, for the 3- to 13-year duration of barred owl removal and recovery of barred
owl populations, depending on the study area, habitat condition, flexibility of the landowner, and
interest in a Safe Harbor Agreement. Any effect would be temporary, and the acres would likely
be available for harvest within 3 years after cessation of the barred owl removal. The potential
though temporary economic effect of the Preferred Alternative is up to the value of the timber on
2,400 acres of forest for the 4 years of the barred owl removal experiment and 3 years for
recovery of the barred owl populations, again depending on habitat condition, flexibility of the
landowner, and interest in a Safe Harbor Agreement.

S.7.8 Effects on Costs of the Experiment

The cost of the experiments described in the alternatives range from a total of $398,000 on the
Hoopa (Willow Creek) Study Area in Alternative 1, to $11,831,000 to implement Alternative 7.
The estimated cost of the Preferred Alternative is $2,910,000.

S.7.9 Effect on the Cultural Environment
We identified no effects to the cultural environment. If Hoopa (Willow Creek) is the selected

study area, this would be responsive to the Hoopa Valley Tribe’s concerns for maintaining the
culturally significant spotted owl on their lands.
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Population Demography of Northern Spotted Owls

Abstract. We used data from 11 long-term stud-
ies to assess temporal and spatial patterns in
fecundity, apparent survival, recruitment, and
annual finite rate of population change of
Northern Spotted Owls (Strix occidentalis cau-
ring) from 1985 to 2008. Our abjectives were to
evaluate the status and trends of the subspecies
throughout its range and to investigate associa-
tions between population parameters and cov-
ariates that might be influencing any observed
trends. We examined associations between pop-
ulation parameters and temporal, spatial, and
ecological covariates by developing a set of a
priori hypotheses and models for each analysis.
We used information-theoretic methods and
QAIC, model selection to choose the best
model(s) and rank the rest. Variables included
in models were gender, age, and effects of time.
Covariates included in some analyses were
reproduclive success, presence of Barred Owls
(Strix varia), percent cover of suitable owl habi-
tat, several weather and climate variables includ-
ing seasonal and annual variation in precipita-
tion and temperature, and three long-term
climate indices. Estimates of fecundity, apparent
survival, recruitment, and annual rate of popula-
tion change were computed from the best mod-
els or with model averaging for each study area.
The average number of years of reproductive data
from each study area was 19 {range = 17 to 24),

and the average number of captures/resightings
per study area was 2,219 (range = 583 to 3,777),
excluding multiple resightings of the same indi-
viduals in the same year. ‘The total sample of 5,224
marked owls included 796 1-yr-old subaduits, 903
2-yrold subadults, and 3,545 adults (=3 yrs old).
The total number of annual captures/recaptures/
resightings was 24,408, and the total number of
cases in which we determined the number of
young produced was 11,450,

Age had an important effect on fecundity,
with adult females generally having higher
fecundity than 1- or 2-yr-old females. Nine of the
11 study areas had an even—odd year effect on
fecundity in the best model or a competitive
model, with higher fecundity in even years.
Based on the best model that included a time
trend in fecundity, we concluded that fecundity
was declining on five areas, stable on three areas,
and increasing on three areas. Evidence for an
effect of Barred Owl presence on fecundity on
individual study areas was somewhat mixed.
The Barred Owl covariate was included in the
best model or a competitive model for five study
areas, but the relationship was negative for four
areas and posgitive for one area. At the other six
study areas, the association between fecundity
and the proportion of Spotted Owl territories in
which Barred Owls were detected was weak or
absent, The percent cover of suitable owl habitat
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was in the top fecundity model for all study
areas in Qregon, and in competitive models for
two of the three study areas in Washington. In
Cregon, all 95% confidence intervals on beta
coefficients for the habitat covariate excluded
zero, and on four of the five areas the relation-
ship between the percent cover of suitable owl
habitat and fecundity was positive, as predicted.
However, contrary to our predictions, fecundity
on one of the Oregon study areas (KL A) declined
with increases in suitable habitat. On all three
study areas in Washington, the beta estimates
for the effects of habitat on fecundity had 95%
confidence intervals that broadly overlapped zero,
suggesting there was less evidence of a habitat
effect on fecundity on those study areas. Habitat
effects were not inciuded in models for study
areas in California, because we did not have a
comparable habitat map for those areas, Weather
covariates explained some of the variability in
fecundity for five study arcas, but the best weather
covariate and the direction of the effect varied
among areas. For examnple, there was evidence
that fecundity was negatively associated with low
temperatures and high amounts of precipitation
during the early nesting season on three study
areas but not on the other eight study areas.

The meta-analysis of fecundity for all study
areas {no habitat covariates included) suggested
that fecundity varied by time and was parallel
across ecoregions or latitudinal gradients, with
some weak evidence for a nepative Barred Owl
{BO) effect. However, the 95% confidence inter-
val for the beta coefficient for the BO effect over-
lapped zero (f§ = -0.12, SE = 0.11, 95% CI = -0.31
10 0.07). The best models from the meta-analysis
of fecundity for Washington and Oregon (habitat
covariates included) included the effects of
ecoregion and annual time plus weak effects of
habitat and Barred Owls. However, the 95% con-
fidence intervals for beta coelficients for the
effects of Barred Owls and habitat overlapped
zero (B = -0.104, 95% CI = -0.369 to 0.151;
Buap = -0.469, 95% CI = -1.363 to 0.426). In
both meta-analyses of fecundity, linear trends
(T} in fecundity were not supported, nor were
effects of land ownership, weather, or climate

covariates, Average fecundity over all years wasg
gimilar among ecoregions except for the Wash-
ington-Mixed-Conifer ecoregion, where mean
fecundity was 1.7 to 2.0 times higher than in the
other ecoregions.

In the analysis of apparent survival on indi-
vidual study areas, recapture probabilities typi-
cally ranged from 0.70 to .90, Survival differed
among age groups, with subadults, especially
1-yr-olds, having lower appatent survival than
adults. There was strong support for declining
adult survival on 10 of 11 study areas, and
declines were most evident in Washington and
northwest Oregon. There was also evidence that
apparent survival was negatively associaled with
the presence of Barred Owls on six of the study
areas. In the analyses of individual study areas,
we found little evidence for differences in appar-
ent survival between males and females, or for
negative effects of reproduction on survival in
the following year.

In the meta-analysis of apparent sutvival, the
best model was a random effects model in which
survival varied among study areas (g) and years
{t}, and recapture rales varied among study areas,
sexes (s), and years. This model also included the
random effects of study area and reproduction
(R). The effect of reproduction was negative
(B = -0.024), with a 95% confidence interval that
barely overlapped zero (-0.049 to 0.001). Several
random effects models were competitive, includ-
ing a second-best model that included the Barred
Owl (BO) covariate, The estimated regression
coefficient for the BO covariate was negative (f =
-0.086), with a 95% confidence interval that did
not overlap zero (-0.158 to -0.014). One competi-
tive random effects model included a negative
linear time trend on survival ($ = -0.0016) with a
95% confidence interval (-0.0035 to 0.0003) that
barely overlapped zero. Other random effects
models that were competitive with the best model
included climate effects (Pacific Decadal Oscilla-
tion, Southern Oscillation Index) or weather
effects (early nesting season precipitation, early
nesting seasor. tetnperature}. Ownership cate-
gory, percent cover of suitable owl habitat, and
latitude had little to no effect onnapparent survival.
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Apparent survival differed among ecoregions,
but the ecoregion covariate explained Little of the
variation among study areas and years.

Estimates of the annual finite rate of
population change (A) were below 1.0 for all
study areas, and there was strong evidence that
populations on 7 of the 11 study areas declined
during the study. For four study areas, the 95%
confidence intervals for A overlapped 1.0, so we
could not conclude thal those populations were
declining, The weighted mean estimate of X for
all study areas was 0.971 (SE = 0.007, 95% CI =
0.960 to 0.983), indicating that the average rate
of population decline in all study areas combined
was 2,9% per year. Annual rates of decline were
most precipitous on study areas in Washington
and northern Oregon. Based on estimates of
realized population change, populations on four
study areas declined 40 to 60% during the study,
and populations on three study areas declined
2010 30%. Declines on the other four areas were
less dramatic (5 to 15%), with 95% confidence
intervals that broadly overlapped 1.0.

Based on the top-ranked g priori model in the
meta-analysis of A, there was evidence that
ecoregions and the proportion of Spotted Owl
territories with Barred Owl detections were
important sources of variation for apparent sur-
vival (@) and recruitment (f). There was some
evidence that recruitment was higher on study
areas dominated by federal lands compared to

study areas that were on private lands or lands
that included approximately equal amounts of
federal and private lands. There also was evi-
dence that recruitment was positively related to
the proportion of the study area that was cov-
ered by suitable owl habitat.

We concluded that fecundity, apparent
survival, and/or populations were declining on
most study areas, and that increasing numbers
of Barred Owls and loss of habitat were partly
responsible for these declines, However,
fecundity and survival showed considerable
annual variation at all study areas, little of which
was explained by the covariates that we used.
Although our study areas were not randomly
selected, we believe our results reflected
conditions on federal lands and areas of mixed
federal and private lands within the range of the
Northern Spotted Owl because the study areas
were (1} large, covering = 9% of the range of the
subspecies; (2} distributed across a broad
geographic region and within most of the
geographic provinces occupied by the owl; and
(3) the percent cover of owl habitat was similar
belween vur study areas and the surrounding
landscapes.

Key Words: Barred Owl, fecundity, Northern
Spotted Owl, Northwest Forest Plan, population
change, recruitment, Strix occidentalis cauring,
Strix varig, survival

= "-s\ uring the last 40 years, the management

)1 philosophy on federal forest lands in the
:// United States has undergone profound
changes as government agencies have become
increasingly aware of the importance of federal
lands in species conservation. Nowhere has this
change been more controversial than in the
Pacific Northwest (Washington, Oregon, and
northern California), where attempts to main-
tain viable populations of Northern Spotted
Owls (Sirix occidentalis cauring), Marbled Mur-
relets (Brachyramphus marmoratus), red tree
voles (Arborimus longicaudus), and other plants

and animals that thrive in old forests have
resulted in large reductions in harvest of old for-
ests on federal lands (Ervin 1989, Durbin 1996).
Because of the controversial nature of these
changes and the need to know whether manage-
ment policies were achieving desired objectives,
the U.S. Forest Service and U.S, Burcau of Land
Management initiated eight long-term marlc-
recapture studies of Northern Spotted Owls
during 1985 to 1991 (Lint et al. 1999). The
primary objective of these field studies was to
provide federal agencies and the public with
data on the status and trends of Spotted Owl
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populations and to determine if the manage-
ment plans adopted by the agencies were result-
ing in recovery of the owl, which was listed as a
threatened subspecies in 1990 (USDI Fish and
Wildlife Service 1990). In addition, the recent
invasion of Barred Owls (Strix varia) into the
range of the Spotted Owl represents a competi-
tive threat that many research groups are trying
to assess. The information generated in these
studies has been featured in many publications
(Franklin 1992, Burnham et al. 1994, 1996, Fors-
man et al. 1996a, Franklin et al. 2000, Kelly et al.
2003, Hamer et al. 2007, Olson et al. 2004, 2005,
Anthony et al. 2006, Bailey et al. 2009, Singleton
2010} and has played a key role in several court
cases and in the development of the Northwest
Forest Plan (NWFP). The NWFP is an intera-
gency plan that was designed to protect all native
plants and animals on federal lands within the
range of the Northern Spotted Owl, while at the
same time providing jobs and wood products
(USDA Forest Service and USDI Bureau of Land
Management 1994). The data from the long-
term demography studies were also considered
by the team that prepared the 2008 recovery plan
for the Northern Spotted Owl (USDI Fish and
wildlife Service 2008) and by a committee of
The Wildlife Society (2008) who commented on
the plan. Research on the long-term demogra-
phy of the Spotted Owl has focused attention on
forest management and conservation of forest
wildlife in the western United States. '[his
research, and the controversy it has created,
have changed forest management in the region
and helped to bring about a general reassess-
ment of the role of forest management in spe-
cies conservation, forest ecosystem manage-
ment, and human health {Thomas et al. 1993,
USDA Forest Service and USDT Bureau of Land
Management 1994, Dietrich 2003}.

With any large-scale, long-term monitoring
program, important criteria are consistency in
methods and funding, and a consistent protocol
for analyzing the data and reporting the results.
Standard protocols are especially important in
cases like the Spotted Owl, where (1) the eco-
nomic stakes are high, (2) there is occasional

disagreement regarding the potential for bias in
the estimates of demographic parameters
(Loehle et al. 2005, Franklin et al. 2006), and
(3) where many different agencies and stake-
wolders are responsible for collecting the data.
For the Northern Spotted Owl, the methods for
collecting, analyzing, and reporting demo-
graphic data have been described by Franklin
et al. (1996}, Lint et al. {1999), Anderson et al.
(1999), and Anthony et al. (2006). Because of
considerable scientific and public interest in
these studies, one of the key features in the
monitoring program has been regularly sched-
uled workshops in which all of the researchers
who are conducting demographic studies of
Northern Spotted Owls, meet and conduct a
meta-analysis of all of the demographic data
(Lint et al. 1999}. Since 1993, there have been
four cooperative workshops, the results of which
have been described in three published articles
(Burnham et al, 1994, 1996, Anthony et al. 2006)
and one unpublished report (Franklin et al.
1999}. The most recent of these workshops was
conducted in January 2009, where we completed
an updated meta-analysis in which we analyzed
all of the demographic data currently available
on the Northern Spotted Owl, including an
additional five years of data from 2004 to 2008,
and modeled the demographic parameters as a
function of a new set of environmental covari-
ates. Our demographic analyses, which repre-
sent the most complete and up-to-date summary
of the population status of the subspecies, are
the focus of this volume of Studies in Avian
Biology.

Estimates of vital rates and population trends
are more interesting when there i3 some under-
standing of the environmental factors that may
influence those estimates. Anthony et al. {2006)
included covariates for the cost of reproduction
and presence of Barred Owls in their analyses of
survival and population trends of Spotted Owls,
but they were not able to include habitat or
weather covariates in their analysis. In our anal-
ysis, we included the same covariates examined
by Anthony et al. {2006) but add several new
range-wide weather covariates and habitat
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covariates in Washington and Oregon. Thus,
our analysis is the most comprehensive to date
in terms of the number of covariates examined.
Qur analysis also differed from earlier analyses
of Spotted Owl populations {Burnham et al.
1994, 1996) in that we use the fparameterization
of Pradel’s (1996) temporal symmetry model to
estimate the annual rate of population change
(A), and examine trends in the components of
population change, including survival and
recruitment rates. Our analyses have led to
some valuable insights regarding cur ability to
discern the possible influence of environmental
covariateg {e.g., habitat, Barred Owls, weather)
on a species that has high temporal variation in
survival and reproduction. Our general approach
will be of interest to other research groups inves-
tigating population dynamics of other long-lived
vertebrates with similar life histories.

Our purpose in this report is threefold. First,
we wanted to determine if the declines in appar-
ent survival and populations that were reported
previously {Anthony et al. 2006) have continued
or stabilized. Second, we used multiple covari-
ates in the analysis of demographic rates in an
attempt to better understand which environ-
mental factors best explained annual and spa-
tial variability in these rates. We reasoned that
one or more of these covariates might explain
the recent declines in demographic rates of the
subspecies. Last, we report on the use of the
Sfparameterization of the Pradel (1996) temporal
symmetry model to estimate components of the
annual finite rate of population change (3,
including apparent survival and recruitment
rates, one of the first applications of this new
technique in demographic analyses of Northern
Spotted Owl populations.

STUDY AREAS

We obtained data {rom 11 study areas, including
three in Washington, five in Oregon, and three
in California (Fig. 1). Study area names and
acronyms used throughout the report are
degcribed in Table 1. Size of study areas ranged
from 356 to 3,922 km? (Table 1). The total area
covered by all 11 study areas (19,813 km?)

was equal to approximately 9% of the total range
of the Northern Spotted Owl, which has been
estimated at 230,690 km? (USDA Forest Service
and USDI Bureau of Land Management 1994).
Our study areas included one {GDR) that was
entirely on private land, one (HUP) on an Indian
Reservation, four (OLY, HJA, CAS, NWC) that
were primarily on federal lands, and five (CLE,
RAI, COA, TYE, KLA) that included a mixture
of federal, private and state lands (Table 1). Of
the 11 study areas, eight {OLY, CLE, COA, HJA,
TYE, KLA, CAS, NWC) were established by the
U.S. Forest Service and U.S. Bureau of Land
Management to document the status of North-
ern Spotted Owls on federal lands within the
region encompassed by the Northwest Forest
Plan (Lint et al. 1999). In some analyses, we
presenl results separately for these eight areas,
which we refer to as "NWEFP study areas”
{Table 1, Appendix A). We made a distinction
between types of study areas because the North-
west Horest Plan is the overarching interagency
land management plan that applies to federal
lands within the range of the Northern Spolted
Owl, which is of special interest to federal land
managers {(USDA Forest Service and USDI
Bureau of Land Management 1994).

Our study areas differed from those included
in Anthony et al. (2006} in that data collection on
three of the 14 study areas examined therein, was
either discontinued or reduced, so data from those
three areas (Wenatchee, Warm Springs, and
Marin study areas) were no longer available for a
meta-analysis. In addition, the OLY study area
was reduced in size because of lack of funding,
and the size of the GDR study area was expanded
in 1998, In two cases (TYE, NWC), sizes of study
areas in Table 1 are different than in Anthony
et al. (2006}, not because of any change in area,
but because we mapped the boundaries based on
boundaries used in analyses of population
change. In contragt, the study area boundaries for
the TYE and NWC study areas displayed in
Anthony et al. {2006) included survey polygons in
areas adjacent to the main study areas. Because of
the changes in number and size of study areas
and the addition of five years of data, results of
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Figure 1. Locations of 11 study areas used in the analysis of vital rates and population trends
of Northern Spotted Owls,

this analysis are not directly comparable to previ-
ous analyses conducted by Burnham et al. (1996)
and Anthony et al. (2006).

The study areas were distributed across a broad
geographic region, from central Washington south
to northern California, and varied widely in cli-
rmate, vegetation, and amount of topographic relief,
Study areas in the coastal mountains of Oregon
and California (COA, TYE, KLA, NWC, GDR,

HUP) typically occurred at low to moderate eleva-
tions, where the highest elevations were <1,250 1,
whereas study areas in the Cascades and Olympic
Mountains (CLE, RAIL OLY, HJA, CAS) occurred
in areas with high mountains, where forests
extended from the lowland valleys up to timber-
line, at or above 1,500 m elevation. Climate varied
from relatively warm and dry on study areas in
southern Oregon and northwestern California to
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TABLE
Descriptions of 11 study areas used to estimate vital rates of Northern Spotied Owls in
Washingion, Oregon, and Californig (see also Appendix A).

Asterisks indicate the eight study areas that are part of the federal monitoring program for
the northern spotted owl (Lint et al. 1999).

Neo. owls banded by

age class®
Mean
Area Total Total annual
Study area Acronym  Years (km?) 81 S2 Adulls owls encounters® precip. (cm)
‘Washington
Cle Elum" CLE 1989-2008 1,784 31 32 148 211 1,170 142
Rainier RAI 1992-2008 2,167 8 12 133 153 583 216
Olympic™ oLy 1990-2008 2,230 19 32 337 388 1,510 290
Oregon
Coast Ranges* - COA  1990-2008 3,922 66 97 486 649 3,306 219
H. |. Andrews® HJA 1988-2008 1,604 28 91 457 576 3,082 201
Tyee" TYE 1990-2008 1,026 137 110 243 490 2,315 125
Klamath* KLA  1990-2008 1,422 169 134 347 650 2,800 121
South Cascades” CAS 1991-2008 3,377 43 80 479 602 2,364 123
Califernia
NW California® . NWC  1985-2008 460 114 80 280 474 2,550 155
Hoopa Tribe HUP  1992-2008 356 38 47 130 215 951 195
Green Diamond GDR  1990-2008 1,465 143 188 505 836 3,777 188
Totals 19,813 7% 903 3,545 5,244 24,408

2 Age class codes indicate owls that were 1 year old (S1), 2 years old (S2), or = 3 years old {Adults}), Counts include owls first banded as
S1's, $2's, or Adults, as well as owls first banded as juveniles that were subsequently recaptured when they were 1, 2, ar = 3 years old.

b All captures, recaptures, and re-sightings, excluding multiple encounters of individuals in the same year.

extremely wet in the temperate rain forests on the
west gide of the Olympic Peninsula, where annual
precipitation ranged from 280 to 460 cm/year
(Table 1). Study areas on the west slope of the Cas-
cades Range (RAI HJA, CAS) were typically warm
and dry during summer and cool and wet during
winter, with much of the winter precipitation fall-
ing as snow at higher elevations. The only study
area that was entirely on the east slope of the Cas-
cades (CLE) was characterized by warm, dry sum-
mers and cool winters, with most precipitation
occurring as snow during winter,

Forests on all study areas were dominated by
conifers, or mixtures of conifers and hardwoods,

but there were regional differences in species
composition. Forests on study areas in Washington
and northern Oregon were comprised of mix
tures of Douglas-fir (Pseudotsugn menziesii) and
western hemlock (Tsuga heterophylla), or, in
coastal areas, by mixed stands of western hem-
lock and Sitka spruce (Picea sitchensis). Ponde-
rosa pine (Pinus ponderosa) was also a dominant
gpecies on the east slope of the Cascades in
Washington. Study areas in southwestern Oregon
and northwestern California had diverse mix-
tures of mixed-conifer forest or mixed-evergreen
forest (Franklin and Dyrness 1973, Kiichler
1977). Common canopy trees in mixed-conifer
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or mixed-evergreen forests included: Douglas-
fir, grand fir (Abies grandis), western white pine
(P. monticola), sugar pine (F. lambertiana}, pon-
derosa pine, incense cedar (Calocedrus decur-
rens), tanoak (Lithocarpus densiflorus), Pacific
madrone (Arbutus menziesit), California laurel
(Umbellularia californica), and canyon live-oal
(Quercus chrysolepis). The GDR study area in
coastal northwestern California also included
considerahle amounts of coast redwood (Sequoia
sempervirens) forest at lower elevations.

Forest age and structure varied widely among
areas, ranging from one study area (GDR) that
was mostly dominated by forests that were
<60 years old to some study areas on federal
lands (OLY, HJA, NWC, CAS) in which =609 of
the landscape was covered by mature (80 to
199 years old) and old-growth forests (=200 years
old) with multilayered canopies of large trees that
wete typically 50 to 200 cm diameter at breast
height {dbh). All study areas were characterized
by diverse mixtures of forestage clasges that were
the product of a long history of logging, fire,
windstorms, discase, and insect damage. Forests
on the OLY and RAI study areas were also natu-
rally fragmented by high-elevation ridges that
were covered by snowfields and bare rock.

As stated by Franklin etal. (1996) and Anthony
et al. {2006}, the 11 study areas in our analysis
were selected based on many considerations,
including forest type, logistics, funding, land
ownership boundaries, and local support from
management agencies. As a result, the study
areas were not randomly selected or systemati-

cally spaced. However, the study areas covered
~99% of the range of the subspecies, and an anal-
ysis by Anthony et al. (2006} indicated that the
amount of suitable owl habitat in the study areas
was similar to the surrounding areas. We
believe, therefore, that the habitat conditions
within our study areas were broadly representa-
tive of conditions on federal lands within the
range of the owl, and that our results are indica-
tive of population attributes of Northern Spot-
ted Owls on federal lands in general, We are less
confident that our estimates reflect typical
trends on non-federal lands because our sample

onlyincluded two study areas situated exclusively
on non-federal lands (HUP and GDR). Both of
those areas were in California, near the south-
ern end of the range of the Northern Spotted
Owl (Fig. 1) and were unique in that both land-
ownets were aclively managing to provide nest-
ing and foraging habitat for Spotted Owls.

FIELD METHODS

We surveyed our study areas each year to locate
owls, confirm bands, band unmarked owls, and
document the number of young produced by
cach territorial female. Owls were trapped with
a variety of methods, most commonly with a
noose pole or snare pole (Forsman 1983). Each
owl was marked with a U.S. Geological Survey
nurbered band on one leg and a unique color
band on the other leg that could be observed
without recapturing the owl (Forsman et al.
1996h, Reid et al. 1999). Sutveys were conducted
using vocal imitations or playback of owl calls to
incite the owls to defend their territories, thereby
revealing their presence (Franklin et al. 1996).
However, once we becarne familiar with tradi-
tional nest and roost areas used by owls, it was
often possible to locate owls by walking into tra-
ditional nest areas during the day and calling
quietl}l' while visually searching for owls near
the nest. The number of vigits to each survey
polygon or owl territory within each study area
was usually =3, although fewer visits were
allowed in rare cases in which females either
had no brood patch during the nesting season,
or were observed for =30 min during the period
when they should have been in the late incuba-
tion or early brooding stage, and showed no sign
of nesting,

Tn most study areas, there were some Spotted
Owl territories that were known from historical
surveys before the studies began, but there were
also many areas that had never been surveyed
and where occupancy by Spotted Owls had never
been reported. Because it took several years for
surveyors to become familiar with their study
areas and to locate and band the territorial owls
within their study areas, we truncated the data to
exclude the first 1o 5 years of data on individual
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study areas. Truncation reduced the number of
years in the sampling period, but eliminated
some problems with small sample size and
incomplete surveys in the eatly years on each
study area. Once surveys began and a sample of
owls was handed, new owls entered the study
population when they were first detected and
banded within the study area.

If owls were located on any of the visits to a
given survey arca, we followed a standard proto-
col to document the number of young fledged
(NYF) by each female (Lint et al. 1999). The Lint
et al, protocol took advantage of the fact that
Spotted Owls are relatively unafraid of humans
and will readily take live mice from human
ohservers and carry the mice to their nest or
fledged young {Lint et al. 1999, Reid et al. 1999}.
Except in the rare cases mentioned ahbove, our
protocol required that owls he located and
offered >3 mice on two or more occasions each
year to document their nesting status and the
number of young that left the nest or “fledged”
{NYF). If owls ate or cached all the mice offered,
and no juvenile owls were detected, then pairs
were considered to be non-mesting or failed
nesters and were assigned a score of “0” for
NYF, For owls that produced =1 young, the
NYF was coded as the maximum number of
young observed on at least two visits after the
juveniles left the nesttree. The protocol included
some exceptions that we adopted to reduce bias
in fecundity estimates. For example, females
wete given a “0” for NYF if they (1) appeared to
be non-nesting based on one or more visits dur-
ing the spring and then could not be relocated
on multiple return visits or (2) were determined
to be mesting but could not be relocated on
repeated visits to the area. We included these
exceptions in our fecundity estimates because
females that did not nest and females that
nested but failed to produce young sometimes
disappeared before the full protocol could be
met, and excluding thege birds would have
caused a positive bias in fecundity estimates.
Reproductive data from owls that did not meet
the above protocols were recorded as “unknown”
and excluded from our analyses,

ANALYTICAL METHODS

Development of Covariates

Barred Owl Covarigte

We hypothesized that the presence of Barred
Owls near areas occupied by Spotted Owls could
have a negative effect on detectability, fecundity,
survival, recruitment, or rate of population
change of Spotted Owls within our study areas
{Kelly et al. 2003, Olson et al. 2005). We did not
specifically target Barred Owls in our surveys, but
frequently heard or saw Barred Owls while con-
ducting surveys for Spotted Owls, and we recorded
the dates and locations of all such detections. The
Barred Owl covariate that we used to evaluate our
hypotheses was the annual proportion of Spotted
Owl territories in each study area that had Barred
Owls detected within a 1-km radius of the annual
activity centers that were currently or historically
occupied by the Spotted Owls on each territory.
Consequently, the Barred Owl covariate was a
random effect, time (vear)-specific variable in
analyses of individual study areas that was applied
at the scale of the study area or owl population,
not individual territories. In meta-analyses of sur-
vival and population change (A}, the Barred Owl
covariate was a random effects variable that was
applied at the meta-population level, but with data
that were specific to each study area.

To develop the Barred Owl covariate, we iden-
tified an annual “activity center” for each Spot-
ted Owl territory hased on the most hiologically
significant records of the year, ranked in order
of declining importance as follows: (1) active
nest, (2} fledged young, (3) primary roost,
(4) diurnal location, (5) nocturnal response to
playbacks, or (6) most recent activity center if no
Spotted Owls were located. The territory-specific
frame of reference for this analysis was the
cumulative area encompassed by 1-km-radius
circles around all of the annual activity centers
at each Spotted Owl territory. If there was only a
single activity center within a territory in all
years of the study, then the frame of reference
was a single 1-km circle. If there were multiple
activity centers used in different years in the
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same territory, then the frame of reference was
the cumulative area encompassed by 1-km-
radiug circles around all of the annual aciivity
centers within the territory. If Barred Owls were
detected anywhere within the cumulative frame
of reference in a given year, then that territory
was considered to be occupied by Barred Owls
in that year, and the annual study area covariate
was the proportion of Spoited Owl terriories
occupied by Barred Owls (Appendix B). We felt
that this approach was the best indicator of
whether there was likely to be a Barred Owl
effect on the Spoited Owls that occupied each
territory. Preliminary results indicated that the
relative abundance of Barred Owls varied con-
siderably among years and study areas, and that
the appearance of Barred Owls in any apprecia-
ble numbers on the study areas occurred in

" Washington in the mid-1980s, Oregon in the
early 1990s, and California in the mid-1990s.
Consequently, we predicted that any associa-
tions between demographic rates of Spotted
Owl and Barred Owl detections would be varia-
ble among study areas.

Habitat Covariates

Another objective of our analysis was to deter-
mine if fecundity, survival, or recruitment were
related to the annual percent cover of suitable
owl habitat within or adjacent to individual
study areas. The frame of reference for habitat
covariates in the analysis of fecundity, apparent
survival, and recruitment was the percent cover
of suitable habitat within each study area. For
this estimate, we used a 2.4-km radius around
all historical owl activity centers to define each
study area (Fig. 2, Appendix C). The acronym
used for this environmental covariate was
“H{AB1.” Choice of the 2.4-km radius as the cri-
teria for defining study area houndaries was
based on an approximation of the annual area
used by resident pairs of Northern Spotted
Owls (Forsman et al. 1984, 2005; Carey et al.
1992; Hamer et al. 2007). Although annual
home ranges of Spotted Owls vary widely
among geographic regions, we opted to simplify

the analysis by using a constant radius to define
all study areas.

Our definition of suitable habitat was based on
Davis and Lint {2005), who created a base map of
suitable Spotted Owl habitat for Washington and
Oregon based on multiple covariates, including
tree diameter, stand structure, canopy cover, and
elevation. Accuracy assessments of these maps
were conducted at both the physiographic prov-
ince and territory scale. At the province scale,
maps correlated well with locations of known
owl territories, with Spearman rank coefficients
ranging from r, = 0.83 to 0.99 (P << 0.001; Appen-
dix E in Lint 2005). At the territory scale, 19 sets
of independent data from radio-marked Spotted
Owls in Oregon indicated that average Spear-
man rank correlations between suitable habitat
and locations of owls were 0.99 in the Coast
Ranges, 0.93 in the western Cascades, and 0.94
in the southern Oregon Cascades (Appendix b
in Lint 2005). Although there were exceptions,
the majority of forests that fit the Davis and Lint
{2005) definition of suitable habitat were charac-
terized by large overstory conifers (dbh > 50 cm)
and high (>>709) canopy cover (e.g., see Table 3-3
in Davis and Lint 2005:41). The Davis and Lint
definition of “suitable owl habitat” does not
petfectly define suitable habitat for Northern
Spotted Owls throughout their geographic range,
but was the best and most current habitat map
that was available for our study areas in Oregon
and Washington.

Because the base map creaied by Davis and
Lint was based on a single snapshot in time
{1996), we used time period-specific stand
replacement/disturbance data (Cohen et al.
1998, Healey et al. 2008) to add or subtract hab-
itat in the hase map to create a time series of
habitat maps for each study area in Oregon and
Washington, with four-year time steps in 1984,
1988, 1992, 1996, 2000, and 2002. To create this
time series, we assumed that “change” repre-
sented loss of habitat, and that the time scale
was too short for regrowth of habitat. There-
fore, the historical time step maps could be
created by “adding back” habitat to the baseline
map in years prior to 1996 and subtracting
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Figure 2. Example illustrating frames of reference used to evaluate the proportion of the
landscape covered by suitable owl habitat on one of the Northern Spotted Owl demographic
study areas {in gray). The small polygon indicates the area within 2.4-lon-radius circles
around all owl site centers, and the larzer polygon indicates the area within 23-km-radius
circles around all owl site centers, exclusive of the area of the inner polygon.

habitat frorm the base map in the years after 1996.
To produce annual estimates of suitable habitat,
we plotted the estimated percent cover of suita-
ble owl habitat in each time step and then esti-
mated the percent cover of habitat in the years
between time steps by assuming a linear trend
between the 4-year intervals (Appendix C).
Consequently, the habitat covariate was a ran-
dom effects variable that was time (year}-specific
and was applied at the scale of each study area
or owl population, comparable to the Barred
Owl covariate. For the meta-analyses of survival
and A, the habitat covariate was a random effects

variable that was applied at the meta-population
level, with population data that were specific o
each study area.

For the habitat covariate in the analysis of A,
we used the same definition of suitable habitat
as in the analysis of survival, but developed two
covariates based on different spatial scales. One
cavariate (HAB2) was the same as the IHHAB1
covariate in the analysis of gurvival (2.4-km-
radius scale), with minor differences due to the
fact that we truncated the time-series data to
use fewer years in the meta-analysis than the
analyses of survival and fecundity on some
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individual study areas. The second covariate
(HAB3) was based on the percent cover of suit-
able habitat within a 23-km radius of all histori-
cal owl activity centers minus the area in HAB2
{Fig. 2, Appendix C). We used the 23-km radius
to account for the possible influence of habitat
on recruitment from the region immediately
surrounding the study area out to a distance
that approximated the median natal digpersal
distances of Northern Spotted Owls, which were
about 19 km for males and 27 km for {females
(Forsman et al. 2002:15).

After reviewing the habitat map for Califor-
nia, we decided not to develop habitat covariates
for study areas from the state map of California
because of inconsistencies with the map for
Washington and Cregon {Davis and Lint 2005).
Two primary problems with the California habi-
tat data were that {1} the California map was
‘based on different remote-sensed data than the
combined map for Oregon and Washington
(Davis and Lint 2005), and (2) complete evalua-
tion of habitat change in California was not pos-
sible because the change detection information
for California dated back to only 1994. There-
fore, rather than confound our results with
maps that were not cotnparable, we opted to
litnit our examination of the eftects of habitat
covariates to Oregon and Washington,

Weather and Climate Covariates

To determine if fecundity, apparent annual sut-
vival, or rate of population change were agsoci-
ated with variation in weather and climate, we
used climate covariates that were associated
with demographic performance of Spotted
Owls in previous studies, including mean pre-
cipitation and temperature, Palmer Drought
Severity Index (PDSI), Southern Oscillation
Index (SOT), and Pacific Decadal Oscillation
{PDO; Franklin et al. 2000, Seamans et al. 2002,
LaHaye et al. 2004, Olson et al. 2004, Dugger
et al. 2005, Glenn 2009). These climmate varia-
bles included measures of geasonal and annual
weather as well ag longer-term measures of cli-
matic conditions.

We obtained mean temperature and precipi-
tation data for each study area from Parameter
Elevaled Regression on Independent Slope Mod-
els (PRISM) maps (Oregon Climate Service
2008). PRISM maps were developed using
weather station data and a digital elevation
model to generate raster-based digital maps
with 4-km? resolution of mean monthly tem.
perature (minimum and maximum) and pre-
cipitation on each study area (Daly 2006), We
combined the monthly maps into seasonal and
annual maps that corregponded with important
life history stages of the owl, including
winter (1 Nov to 28 Feb), early nesting season
{L Mar to 30 Apr), late nesting season (1 May to
30 Jun), and annual periods (L [ul to 30 Jun).
Temperature and precipitation valuesg for each
study area and time period were obtained hy
computing the average values of raster cells for
each seagonal or annual map that fell within the
study area boundaties.

We used the Palmer Drought Severity Index
(PDSI} as an index of primary productivity that
has the potential to influence abundance of
Spotted Owl prey (NOAA 2008a). The PDSI is
the deviation of meisture conditions from nor-
mal (30-yr mean = 1970 to 2000), standardized
so comparisons can be made actoss regions and
over time (Alley 1984). Values ranged from -6
(extreme drought) to +6 (extremely wet), with
zero representing near-normal conditions, The
index was calculated separately for climate
regions within each state. Most gtudy areas fell
within ore climate region. For study areas that
included multiple climate regions, we used a
weighted average of PDSI values based on the
proportion of the study area that fell within each
climate region.

We used monthly values of the Southern
Oscillation /el Nifio Index (SOI; NOAA 2008b)
and the Pacific Decadal Oscillation (PDO; Uni-
versity of Washington 2008) to assess region-
wide climate patterns. We averaged monthly
valueg to obtain annual (Jul 1 to Jun 30} meas-
ures of SOJ and PDO. Consequently, all of the
weather and climate covariates were random
effects variables that were time-specific and
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were applied at the scale of owl populations in
the analyses of individual study areas. For the
meta-analyses of fecundity, survival, and &, the
weather covariates were random effects varia-
bles that were applied at the meta-population
level, but with data that were specific to each
study area.

Land Ownership, Ecoregion, and
Latitude Covarigtes

To evaluate whether vital rates or rates of popu-
lation change differed depending on land own-
ership, ecoregion, or latitude, we developed cov-
ariates for land ownership (OWN), ecoregion
(ECO), and latitude {LAT). The ownership coy-
ariate was a calegorical variable that divided
study areas into three categories depending on
whether they were privately owned, federally
owned, or included an approximately equal mix
of private and federal ownership (Appendix A).
The ecoregion covariate categorized each study
area into one of five ecoregions that incorporated
geographic location {state) and the major forest
type in each study area {Appendix A). Latitude
was a continuous variable measured at the
center of each study area. In the meta-analyses
of fecundity, survival, and A, all of these covari-
ates were fixed effects variables that were applied
at the scale of meta-populations.

Reproduction Covariate

To determine if there was evidence for a cost of
reproduction on adult survival in the following
year, we ugsed the mean number of young
fledged per female as a year- and study area—
specific covariate in analyses of apparent sur-
vival. We also used the mean NYF covariate in
recapture models to investigate the effect of
reproduction on detection probabilities in he
current year. The mean NYF covariate was time
{year)-specific and used as a random effects var-
iable at the scale of populations, corrparable to
the way we used the Barred Owl and habitat cov-
ariates. In the meta-analysis of survival, the
NYF covariate was applied at the scale of meta-
populations.

Fecundity
Individual Study Areas

We conducted all analyses of reproduction based
on the annual number of young produced per
territorial female (NYF), but to be conmsistent
with previous reports (Forsman et al, 1996a,
Franklin et al. 2004, Anthony et al. 2006), we
present the data as “fecundity,” where fecundity
is the average annual number of female young
produced per female owl, We estimated fecun-
dity as NYF/2, based on genetic evidence from
blood samples of juveniles that the sex ratio of
Spotted Qwls ig 1:1 al hatching {Fleming et al.
1996). We assumed that the owls in our samples
were representative of the population of territo-
rial birds and that sampling was not biased
loward birds that reproduced. We think these
assumptions were reasonable because Spotted
Owls typically occupy the same areas year after
year and are reagonably easy lo find even in
years when they do not breed (Franklin et al.
1996, Reid et al. 1999).

For the analysis of individual study areas, we
used PROC MIXED in SAS (SAS institute, Inc,
2008) to fit a suite of a priori models for each study
area that included: (1) the effects of age (A},
(2) general time variation (t), (3) linear (T) or
quadratic {T'T) time trends, (4) the proportion of
Spotted Owl territories where Barred Owls were
detected each year on each study area (BO; see
Appendix B), and (5) an even-odd year effect
(EQ). In addition, we induded a simple autore-
gressive time effect model and the climate and
habitat covariates described above (see also Appen-
dix C). The autoregressive time effect model
JAR(1)] fits a time trend but allows residuals to be
non-independent where Y, = B, + B,t + & and the
correlation of & and €,,, = p¥. Model ranking and
selection of best models were based on minimum
AIC_ {Burnham and Anderson 2002).

Plots of the annual variance-to-mean ratio for
all study areas confirmed that the variance of
NYF was nearly proportional to the mean of
NYF, with some evidence of smaller variances at
higher levels of reproduction. This pattern was
consistent with a truncated Poisson distribution
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(Evans et al. 1993) because Spotted Owls seldorn
raise more than two young. However, despite the
integer nature of the undetlying data (0, 1, 2,
and rarely 3 young), the average annual number
of young fledged per age class in each study area
in each year was not distributed as Poisson
{Franklin et al. 1999, 2000; Anthony et al, 2006).
For this reason, we did not use a Poisson regres-
gion because it is not robust to departures from a
Poisson distribution (White and Bennetts 1996).
Instead, we used regression models based on the
normal distribution, which are less biased when
distributions depart from normal. Sample sizes
were also sufficiently large to justify the assump-
tion of a normal distribution for each averape as
long as an allowance was made for the depend-
ence of the variation or the mean {see below;
Anthony et al. 2006). The process of averaging
NYF also clarified the definition of the sampling
unit for this analysis, as the appropriate sample
unit was not the individual owl, but the study
area—ape class combination, which responds to
yearly effects that infiuence the entire study area.
Autocorrelation issues in NYF over time for a
particular territory were also avoided by treating
study areas as the sampling unit. For all these
reagsons, we used the normal regression model
on the annual averages for the analysis of NYF
in each age class.

We also reduced the effect of the variance-to-
mean relation by fitting models to the annual
mean NYF by age class. Annual means for each
study area were modeled as

PROC MIXED; MODEL MEAN_NYF = fixed effects.

Thus, residual variation was a combination of
year-to-year variation in the actual mean and
variation estimated around the actual mean and
is approximately equal to

var(residual) = var (yr effects) + var(NYF)/n,

where n = number of territorial females checked
in a particular year. Qur approach was justified
for several reasons. First, we performed a vari-
ance components analysis in which we looked at
the individual fecundity records of adult females

and estimated the tesulting variance compo-
nents after adjusting for the obvious even—odd
year effects. Because Spotted Owls are highly
tertritorial and long-lived, it is difficult to distin-
guish between spatial and individual effects,
and such effects are termed “spatial” compo-
nents in this report. Qur variance components
analysis showed that when comparing compo-
nents of variance, spatial variance among terri-
tories tended to be small relative to temporal
variance among years and other residual effects
(see Resuits). Therefore, we concluded that
ignoring spalial variance within study areas
would not bias the results, which negated the
need to include owl territory as a random effect.
Second, we were able to support the key assump-
tion that the var(residual} was relatively constant
because (1) var(NYF)/n was small relative to
var(yr effects); (2) the total number of females
sampled was roughly constant over time for
ecach study area so that var(NYF)/n was roughly
constant; and (3} relatively few (<10%) territo-
rial subadults were encountered, such that
var(NYF)/n was alsoabout constant even though
var{NYF) may decline with increasing age class.
The assumptions were verified by Levene’s test
for homogeneity of variances (Ramsey and
Schafer 2002). Third, we assumed that residual
effects were approximately normally distributed
because, based on the central limit theorem, the
average of the measurements will have an
approximate normal distribution with large
sample sizes even if the individual measure-
ments are discrete, Finally, covariates included
in the analysis of each study area {such as BO)
were more easily modeled at the study area
(population) level with the above approach.

The best model was not consistent among
study areas, so we used a nonparametric approach
to estimate rmean NYF, First, we computed mean
NYF for each year and age class, Then we aver-
aged the means across years within each age
class. The estimated standard error was com-
puted as the standard error of the average of the
averages among years. This method for estimat-
ing NYF gave equal weight to all years, regardless
of the numbet of hirds actually sampled in a year,
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and did not force a model for changes over time.
Ittreated years as random effects with year effects
being large relative to within-year-sampling vari-
ation. Estimates weighted by sample sizes in each
year were not substantially different.

Meta-analysis of Fecundity

In the meta-analysis of fecundity, we restricted
the analysis to adult females only because sam-
ples of 1- and 2-yr-old owls were small (<10%) in
most data sets. In this analysis, we developed a
set of @ priori models similar to those developed
for individual study areas, but in addition to the
effects included in the models for individual
study areas, we also investipated the effects of
latitude (LAT}, ecoregion (ECO}, and land own-
ership (OWN; Appendix A) as fixed random vari-
ables. We did not have habitat covariates for study
areas in California, so we conducted two separate
meta-analyses of fecundity. The first analysis
included all study areas without any habitat cov-
ariates, and the second included study areas from
Washington and Oregon only, with habitat cov-
ariates included in the a priori models.

We used mixed models to perform meta-
analyses on mean NYF per year for the same rea-
sons specified above for the study area analysis,
An ecoregion by year (ECO%yr) treatment combi-
nation was defined for each study area with owls
within study areas as units of measure. Thus,
sampling units were study areas within ECO%*yr,
which we treated as a random effect in the mixad
models, Because ownership, latitude, and ecore-
gion apply at the study-area level rather than at
the individual level, we conducted model selec-
tion based on average NYF by study area and
year. Model rankings and selection of best med-
els were based on minimum AIC_ or QAIC,
(Burnham and Anderson 2002).

Apparent Survival

Individual Study Areas

We used capture—recapture (re-sighting) data to
estimate recapture probabilities (p) and annual

apparent survival probabilities () of territorial
owls. Recapture probabilities were defined as the

probability that an owl alive in year ¢ + 1 is recap-
tured, given that it ig alive and on the study area
at the beginning of year t. Apparent survival was
defined as the probability that an owl survives
and stays on the study area from time ¢ to ¢ + 1,
given that it is alive at the beginning of year &.
Qur general approach for estimating apparent
survival was to first develop a set of a priori mod-
els for analysis based on biological hypotheses
that were discussed and agreed upon by all par-
ticipants at the workshop, The a priori models
were then represented by statistical models in
program MARK {White and Burnham 1999).
Then we evaluated goodness-of-fit and estimated
an overdispersion parameter (£) for each data set,
and estimated recapture probabilities and appar-
ent survival for each capture-recapture data set
with the a priori models in program MARK. If
needed, we adjusted the covariance matrices and
AIC_ values with ¢ to inflate variances of parame-
ter estimates and obtain QAIC_ values for model
selection. Then, we selected the most parsimoni-
ous model for inference based on the QAIC_model
selection procedure (Burnham and Anderson
2002). Additional details on methods of estima-
tion of survival from capture—recapture data from
Northern Spotted Owls are provided by Burnham
et al. (1994, 1996) and Anthony et al. (2006).

We used Cormack—Jolly—Seber open popula-
tion models (Cormack 1964, Jolly 1965, Seber
1965, Burnham et al. 1987, Pollock et al. 1990,
Franklin et af. 1996) in program MARK {White
and Burnham 1999) to estimate apparent sur-
vival of owls for each year. The yeatly estimate
of apparent survival wag roughly from 15 June
in year t to 14 June in year ¢ + 1, which corre-
sponded with the approximate mid-point of the
annual field season in the demographic studies
{March or April to August). Owls first banded
as subadults or adults were assigned to one of
three non-juvenile age classes based on plum-
age attributes (Forsman 1981, Moen et al. 1991,
Franklin et al. 1996). The three age classes were:
1-yr-old subadults (51), 2-yr-old subadults {52},
and =3-yr-old adults (A). We did not estimate
juvenile survival rates because estimates of juve-
nile survival were confounded by permanent
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’ emigration caused by natal dispersal (Burnham
| et al. 1996, Forsman et al. 2002). Although per-
I manent emigration can also cause underesti-
mates of survival for non-juvenile owls, we did
| not consider this a serious bias because site
| fdelity of adult Spotted Owls is high and
| because breeding dispersal is most commeonly
! restricted to short movements between adjacent
! territories {Forsman et al. 2002).
' The goal of the data analysis and model selec-
I tion process was to find a model from an & priori
| list of models that was best in the sense of
] Kullback Ieibler information (Burnham and
Anderson 2002}, Prior to model fitting we used
the global model @(a*s*t), p(a*s™t) to evaluate
each data set for goodness-of-fit to the agsump-
tions of the Cormack-Jolly—Seber model using
the combined 32 values and degrees of freedom
for Test 2 and Test 3 from program RELEASE
{Lebreton et al. 1992). The global model included
estimates of age (a), sex (s} and time (t) effects,
plus the interactions among age, sex, and time
for both ¢ and p.
‘ We computed estimates of overdispersion {£)
| using the median-¢ procedure in program
MARK to determine if there was evidence of
overdispersion in the data. In cases where there

was evidence of overdispersion, we used esti-
mates of ¢ to inflate standard errors and adjust
the log-likelihood function for the effects of lack
of independence in the data.

For the analysis of survival on the individual
study areas, we fit models that included the
effects of age, sex, time, time trends (linear,
quadratic, autoregressive, change-point, cubic
spline), and the annual covariates for reproduc
tion (Appendix D) and Barred Owls (Appendix
B). We used cubic spline models to fit flexible
trends without specifying their form (Hastie
and Tibshirani 1990, Green and Silverman 1994,
Venables and Ripley 1999). Spline models pro-
vide this flexibility by estimating cubic polyno-
mial trends between a series of four knots {two
boundary, two interior) in such a way that the
polynomials meet smoothly (i.e., are differenti-
able} at each knot. Boundary knots were placed
at the starting and ending year for each study,

while one interior knot was placed midway
between the first year of each study and 2002,
and the other interior knot was placed at 2002.
Cubic spline models with two interior knots
estimated six additional parameters each.

We conducted model selection in three stages.
First, we identified the best p structure for the
data in each study area by using AIC, model
selection (see below) to choose the best model
from among a set of & priori recapture models
developed during the protocol session. The a
priori models included 11 models that were the
same for all study areas (Appendix E) plus up to
three optional “biologist’s choice” models that
could be included if group leaders wanted to
evaluate the effects of unique conditions on
their study areas. In this stage, we used the
same global structure on ¢ for all models
[o{g*s*t)), where “g” indicates study area. Then,
in stape two, we applied the best p structure
from. stage one to 64 & priori survival models
developed during the protocol session {Appen-
dix F) and used AIC_ model selection to identify
the best survival model for each study area.
Then, we used the ¢ structure from the best 2 to
3 models in stage two in combination with the p
structure from the best 2 to 3 models in stage
one to develop 4 to 9 additional models.

We used maximum likelihood estimation to
fit models {Brownie et al. 1978, Burnham et al.
1987) and optimized parameter estimation
using program MARK {White and Burnham
1999). We used QAIC, for model selection
(Lebreton et al, 1992, Burnham and Anderson
2002), which is a version of Akaike’s Information
Criterion (Akaike 1973, 1985; Sakatnoto et al.
1986) corrected for small sample bias (Hurvich
and Tsai 1989) and overdispersion (Lebreton
et al, 1992, Anderson et al. 1994). We computed
QAIC, for each candidate model and selected
the model with the lowest QAIC_ value as the
best model for inference. We used AQAIC,
values to compare models, where AQAIC, =

QAIC,, - minQAIC. We used Akaike weights
() (i.e, model probabilities) to address model
selection uncertainty and the degree to which
ranked models were considered competitive. We
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also used Akaile weights to compute estimates
of time-specific, model-averaged survival rates
and their standard errors for each study area
{(Burnham and Anderson 2002:162). We used
model averaging because there were usually
several competitive {AQAIC_ <0 2.0) models for a
given data set (Burnham and Anderson 2002).
For each study area, we used the variance
components module of program MARK to esti-
mate temporal process variation (crzmmpclml;
White et al. 2001, Burnham and White 2002).
Use of variance components allowed us to sepa-
rate sampling variation (variation attributable to
estimating a parameter from a sample) in appar-
ent survival estimates from total process varia-
tion. Process variation was decomposed into
ternporal (parameter variation over time) and
spatial (individuals on territories) components.

Meta-analysis of Apparent Survival

The meta-analysis of apparent survival rates
was based on capture histories of adult males
and females from 11 study areas. Subadults were
not included because sauples of subadults were
small in many study areas, and our objective
wasg to reduce the complexity of the analysis to
focus on the main variables of interest, includ-
ing trends in adult survival and the effects of
the Barred Owl, reproduction, weather, and
habitat covariates. Apparent survival and recap-
ture probabilities were estimated with the
Cormack-Jolly—Seber model using program
MARK (White and Burnham 1999). The global
model for these analyses was ©{g*s*t) p(g*s*t},
where g was study area, s was sex, and t was
time (yr). Goodness-of-fit was assessed with the
global model in program RELEASE (Burnham
et al. 1987), and the estimate of overdispersion
{c) was computed as the average of the ¢ esti-
mates from the median-¢ routine for each of the
11 study areas, weighted by the nutnber of owls
in each study area analysis. Estimates of overd-
ispersion were used to adjust model selection to
QAIC_ and to infate variance estimates. We ini-
tially evaluated eight models of recapture prob-
ability [p(g+t), p(R), p(g+s-+t), p(R+s), p{[g+*s),

p(R*s), p(BO), p(BO+g)] with a general struc
ture on apparent survival [@(g*t+s)], where R
indicates the effect of reproduction in the cur-
rent year and BO indicates the potential effect of
Barred Owls. Using the best model structure
for p from the initial eipht models, we evaluated
15 additional models for apparent survival to
determine which combinations of area, sex,
time, Barred Owl effects (BO), and reproductive
effects (R} minimized the amount of Kullback—
Leibler information loss (Appendix G). Sex was
then removed from the best model to check for
strength of this effect. Then we ran four more
models in which the group effect of study arca
(g) was replaced with the group surrogates
OWN, ECO, OWN*ECO, and Latitude {LAT).
Next, we added six climate covariates for all
study areas and a habitat covariate (HAB1} for
study areas in Washington and Oregon. The
habitat covariate was added to the base model of
©(g) as either an additive {+) or an interactive
(*} effect. Comparable habitat data were not
available for study areas in California, so the
habitat covariate was applied only to study areas

in Washington and Oregon. Time variation for

California study areas was modeled with an

additive time effect {t} instead of habitat. Cli-

mate data for the Southern Oscillation Index

{SOI), Pacific Decadal Oscillation {(PDO}, mean

amount of precipitation during the early nest-

ing season (ENP), and mean temperature dur-

ing the early nesting season (ENT) were added

to the base model of p{g) as either additive (-+)

or interactive (*} effects.

Alter reviewing the results of the above analy-
ses, we concluded that the annual variability in
apparent survival was too great for any ol the
covariates for Barred Owls, reproduction, habi-
tat, or climate to have a measurable effect on the
modeling or estimates. Consequently, we used
the Method of Moments random effects module
(White et al. 2001) in program MARK to do
some additional a pesteriori modeling of appar-
ent survival with the above covariates in order to
determine the amount of temporal variability
explained by each covariate. We used the gen-
eral model @(g*t) p(g+s+t) in the random effects
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analysis. To estimate the temporal variation
explained by each covariate, a random effects
design matrix was used that included the study
area effect () plus the temporal covariate.

Annual Rate of Population Change (A)
Individual Study Areas

In the analysis of annual finite rate of popula-
tion change (A), we used estimates from the
reparameterization of the Jolly-Seber capture-
recapture model (Agys), which was imple-
mented in program MARK based on the
fparameterization of the temporal symmelry
models of Pradel {1996; see also Franklin 2001}.
The rationale for using this parameterization
instead of Leslie matrix models was discussed
in detail in Pranklin et al. (2004) and Anthony
et al. (2006), Most importantly, estimates of
survival rates for juvenile owls from capture—
recapture data are biased low because of exten-
sive emigration from the study areas; losses to
natal dispersal lead to negatively biased esti-
mates of  from Leslie matrix models {(Anthony
etal. 2006). Since the Pradel {1996) method ana-
lyzes capture histories in both a forward and
backward manner, it treats mortality, reproduc-
tion {recruitment), and movements into and out
of the study areas equally, and therefore pro-
duces less-biased estimates of A (see Anthony
et al. 2006:11 to 13). The two primary assump-
tions of the Pradel (1996) method are that study
area size is constant and that survey effort is
relatively constant in each sampling interval. In
other words, owls are not gained or lost because
of changes in effort or survey area.

In addition to obtaining annual estimates of A
{1) and trends over time in these estimales, the
Pradel model allowed for the decomposition of
A, into two components, apparent survival (o)
and recruitment (f), where:

A=t h

Here, o, is local apparent survival and reflects
both survival of territory holders within study
areas and site fidelity of territory holders to
study areas, Recruitment (f) is the number of

new animalg in the population at time ¢ + 1 per
animal in the population at time ¢ and reflects
both in situ recruitment (individuals born on
the study area that become established territory
holdersy and immigration of recruits from out-
side the study area. Unfortunately, we were una-
ble to further decompose @, and f,. The comple-
ment of adult survival includes losses to death
and permanent emigration, whereas recruit-
ment includes immigration of new adults, as
well as reproductive rate, survival of young, and
ability of young birds to obtain territories. Con-
sequently, the estimates of A, accounted for all
of the losses and gains in the study area popula-
tions during each year. All estimates of A were
truncated at 2006, because parameter estimates
for the last two years of study were not estima-
ble. In addition, we removed 1 to 5 of the first
years of surveys to eliminate any potential biag
in estimates of A that may have been associated
with any artificial population growth associated
with initial location and banding of owls that
occurred during the first few years of each study
(Anthony etal. 2006). Our procedure resulted in
truncated data scts for each study area, which
satisfied the second assumption of equal sam-
pling effort for the Pradel (1996) method.

Estimates of Realized Population Change

We used the methods of Franklin et al. (2004} to
convert estimates of A, to estimates of realized
population change (’&t) ,whichis the proportional
change in estimaied population size relative to
population size in the initial year of analysis.
We computed annual estimates of realized
population change on each study area as

=1
115,
t

a

A

3

where x was the year of the first estimated A,. To
compute 95% confidence intervals for A, we
used a parametric bootstrap algorithm (see
Franklin et al. 2004:19) with 1,000 simulations.
Under this approach, we used the estimates of
annual survival, cf)t, recruitment, f, and recapture
probabilities, p, together with an estimate of
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initial abundance, N . to stochastically generate
individual capture histories, Each of the 1,000
generated data sets (setz of capture histories)
was then analyzed as data and used to obtain
estimates of A, and A, from which empirical
confidence intervale were constructed. Specifi-
cally, we followed the basic approach of Anthony
etal. {2006), where the 95% confidence intervals
were based on the ith and jth values of A
arranged in azcending order, where i = (0.025)
(1,000} and j = (0.975)(1,000}.

Meta-analysis of Annual Rate of Population Change

We used encounter histories from banded terri-
torial owls (subadults and adults) in the meta-
analysis of A from the 11 study areas. In this
analysis, we used the most general model [¢(g*t}
p{g*t) flg*t)] as the basis of the random effects
modeling. Our approach permitted inferences
about the influence of the various covariates on
A 0, and f and allowed us to investigate whether
@, or f, appeared to covary more closely with A,
Modeling results included models in two catego-
ries: 45 models in the original a priori model set
and six additional models developed a posieriori
after looking at the results of the initial model set
(Appendix H). Bagically, there was evidence frorm
the ranking of the a priorf models that two cov-
ariates (ecoregions, Barred Owls) were important
sources of variation for ¢, and f,, so we developed
six models that included both covariates (see last
six models in Appendix H). Thus, our inferences

were based on the original members of the model
set, but we believe that the two-covariate models

that we explored should be considered for future

modeling in the next cooperative meta-analysis.

As in the analyses of individual study areas, esti-

mates of A from the meta-analysis were truncated

at 2006, because parameters for the last two years
of study were not estimnable.

Statistical Conventions

We used estimates of regression coefficients (B)
and their 95% confidence intervalg as evidence
of an effect on fecundity, apparent survival, or
annual rates of population change by the differ-

enl factors or covariates in models. The sign of
the coefficient represented a positive (+) or neg-
ative (-) effect of a faclor or covariate, and the
959 confidence intervals were used to evaluate
the evidence for B < 0.0 (negative effect) or f >
0.0 (positive effect). We did nol use 95% confi-
dence intervals as strict tests of B = 0.0, but as
measures of precision and general evidence of
an effect. For example, if the 95% confidence
intervals for a regression coefficient did not
overlap 0 and the covariate was included in the
best or a competitive model, we concluded that
there was “strong evidence” for an effect of that
factor or covariate. If the 95% confidence inter-

val overlapped 0 broadly, regardless of the model

it occurred in, we concluded that there was “no

evidence” for an effect of that factor or covariate.

Lastly, if a 95% confidence interval overlapped 0

only slightly, with <109 of the interval above or

below 0, we concluded that there was “some evi-

dence” of an effect of that factor or covariate. We

attempted to use this appreach consistently

throughout all of the modeling of fecundity,

apparent survival, and annual rate of population

change {Anthony et al. 2006).

WORKSHOP PROTOCOLS

Data from the demographic studies of Northern
Spotted Owls have been examined in four previ-
ous workshopsg, the results of which have been
described in four published reports {Anderson
and Burnham 1992, Burnham et al. 1994, Fors-
man et al. 1996a, Anthony et al. 2006) and one
unpublished report {Franklin et al. 1999), Par-
ticipants in these workshops knew that their
data and methods would be subjected to consid-
erable scrutiny, and they developed a transpar-
ent and consistent protocol for conducting the
analyses (Anderson et al. 1999). We followed the
same protocol in our workshop, which was held
during 9 to 19 January, 2009. Our first step was
to subject the data o a formal error-checking
process prior to the workshop to make sure that
all data were correctly prepared for analysis and
that all participants followed the same field pro-
tocols for assessing fecundity and survival of
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owls. The error-checking process was accom-
plished by first having the lead biologist on each
study area prepare their fecundity files and cap-
ture history files in a standardized format for
analysis in programs SAS (SAS Institute, Inc.
2008) or MARK (White and Burnham 1999).
Then we had each group leader submit the field
data forms for a randomly selected sample of 10
records each from their fecundity files and cap-
ture history files. If the data were correctly for-
matted and the field data forms supported the
data in the random sample, then the data were
approved for analysis. If not, the study area
leader was apprised of any problems and asked
to review and correct their files before resubmit-
ting another 10 randomly selected records for
review. The resampling process was repeated
until no errors were found in the random sam-
ples from each area. Upon arrival at the work-
shop, each study area leader signed a form stat-
ing that their data had passed the error-checking
process and were ready for analysis.

Once at the workshop, the entite group of bial-
ogists and analysts met and discussed the plausi-
ble hypotheses and developed the protocols and a
priori models that were used in the analysis
(Anderson et al. 1999). The planning part of the
workshop involved 2.5 days of discussion, includ-
ing presentations and discussions regarding the
covariates that were available for analysis. Once
the protocol session was complete and everyone
was in agreement regarding which hypotheses
would be used and how they would be modeled,
the analysis began, and all participants agreed
that, regardless of the outcome, they would not
withdraw their data once the analysis started.

RESULTS
Fecundity

Individual Study Areas

Estimates of fecundity (mean number of female
young fledged per female per year) were based
on 11,450 observations of the number of young
produced by territorial females. Female age was
an important factor affecting fecundity on all

areas (Table 2), with mean fecundity generally
lowest for 1-yr-olds (0.070 = 0.015), intermediate
for 2-yr-olds (0.202 + 0.042), and highest for
adults (0.330 * 0.025; Table 3). Estimates of
mean fecundity also varied among study areas
(Table 3). The overall composition of the territo-
rial female population across all areas and years
was 3.8% l-yr-olds, 6.1% 2-yr-olds, and 90.1%
adults, Mean fecundity of adults and 2-yr-olds
was markedly higher on the CLE study area
than on all other study areas (Table 3).

In 9 of the 11 study areas, the best model or a
competitive model included a biennial pattern
of high reproduction in even years and low
reproduction in odd years (O effect; Table 2).
However, this even—odd year effect was stronger
in some areas than others and appeared to be
less prominent in the later years of the study
(Fig. 3). In addition, alternative models with
other types of time effecis on fecundity [T, TT,
AR{1)] were competitive with the EO models
{Table 2). Thus, no single model adequately
explained the annual variation in fecundity
across all areas.

Of the 11 study areas, seven (CLE, COA,
HJA, TYE, KLA, NWC, GDR) had top models
ot competitive models that included linear (T)
or quadratic (T'T) time trends on fecundity
(Table 2). The best model that included a lin-
ear or quadratic time trend on fecundity is
listed for each study area in Table 4, along with
the slope coefficients and 95% confidence
intervals for each model. Baged on 95% confi-
dence intervals for (’s that either did not over-
lap zero or barely overlapped zero (Table 4}, we
concluded that fecundity was declining in five
areas (CLE, KLA, CAS, NWC, GDR), stable in
three areas (OLY, TYE, HUP}, and increasing
in three areas (RAI, COA, HJA). Although the
best trend model for CAS was not competitive

(AAIC, = 6,07), the 95% confidence interval
for the slope coefficient from that model did
notinclude zero, suggesting this was an impor-
tant, if not the best, effect that we investigated
for fecundity on CAS (Table 4). Annual varia-
tion in fecundity was high on the Washington
study areas compared to study areas in Oregon
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Best model and competing models with AAIC_ < 2.0, from he analysis of mean age-specific fecundity for
female Northern Spoited Owis on 11 study areas in Washington, Cregon, and California.

TABLE 2

Study area Models? K -2ogl. AIC, AAIG, w,
Washington
CLE A+ AR(Y) 5 85,1 96.5 0.00 0.24
A - AR(1} + HAB1 6 84.1 98.1 1.51 0.11
A+ T+ARQ 6 84.1 98.2 1.69 0.11
RAI A 4+ EO + ENT 6 33.0 48,5 0.00 0.28
O1Y EO 3 52.1 58.9 0.00 0.22
A+ EO 5 47.7 60.0 1.10 0.13
RO + HAB1 4 51.3 60.7 1.80 0.09
Oregon
COA A+ T+ AR(1) + HAB1 7 -3.7 13.5 0.00 0.06
A+ EO 5 2.2 13.8 0.30 0,05
‘A + EO + HAB1 6 -0.5 13.8 0.30 0.05
A+ EO + ENT 6 0.5 13.8 0,40 0.05
A+ EO+ BO 6 0.5 13.9 0,40 0.05
A+ AR{1) + HAB? 6 -0.2 14.1 0.60 0.04
A+EO+T 6 -0.1 14.2 0.70 0.04
A+ T+ HAR 6 0.1 14.3 0.80 0.04
A+ AR(L) 5 2.9 14.3 1.00 0.04
A+ T+ AR() 6 0.3 14.6 1.10 0.03
A+ EO + T+ HAB1 7 -2.6 14.6 1.10 0.03
A + BO + 501 + HAB1 7 2.5 14.7 1.20 0.03
A + EO + ENP 6 0.7 15.1 1.60 0.03
A+ FEO+ BO+TT 7 -1.8 15.4 1.90 0,02
A +TT + EO + AR(1) 8 4.8 15.4 1.90 0.02
HJA A+ EO + HAB1 6 25.2 39.3 0.00 0.17
A+ EO + BO + HAB1 7 22,6 39.4 0.10 0.16
A+ EO + T+ HAB1 7 237 40.5 1.20 0.09
A+ FO + LNP + HAB1 7 239 40.7 1.40 0.08
TYE A+ AR(1) + HAB1 6 28.2 42.0 0.00 0.19
A+ TT+ AR(1) + HAB1 8 229 42.0 0.00 0.19
A+ T+ AR{1) + HAB1 7 26.1 42.5 0.50 0.15
A+ T+ AR(1) 6 28.8 42.6 0.60 0.14
A+ AR 5 325 43.7 1.70 0.08
KILA A+ EO+ T + HAB1 7 13.0 29.4 0.00 0.07
A+ BO 5 18.8 30.1 0.60 0.05

TABLE 2 {continued)
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! TABLE 2 {coNTiNUED) A
F Washington
! Study area Models? K 2logl. AIC, AAIC, W, 1.0 Cle Elum
i ; ' A Ralnler
! A+ EO + BO + HAB1 7 13.7 30.1 0.60 0.05 0.8 Olym plc
! A+ EO + HAB1 6 16.3 30.1 0.60 0.05 ! Z
' b
! A+ EO + BO 6 16.6 30.4 0.90 0.04 . £ o0&
{ . 2]
y A+TT 6 16.9 30.7 1.30 0.04 = i‘f
| : 0.4
i A + BO + HABL 6 17.0 30.8 140 0.04 ‘v E
5 A+EO+TT 6 144 30.8 1.40 0.04 0.2
5 AYEO + T + HAB1 9 9.0 311 1.70 0.03 J ! 3}
l A+EO+BO+T 7 14.9 31.3 1.90 0.03 0.0 1op 1900 108 1o : ¥
i i 90 1992 1994 1998 1998 20
A 4 225 31.4 1.90 0.02 ; . 00 2002 2004 2006 2008
. ear
CAS A -+ EO + ENT + HAB1 7 36.2 52.9 0.00 0.51 B ;
California : Oregon ;
. H
NWC A+T 5 45.4 56.4 0.00 0.18 i 1.0 —  CoastRanges
Loy HJ Andrew
A+ T+ AR(L) 6 439 57.3 0.90 0.12 e Tyee
AYEO + T 8 38.8 57.3 0.93 0.12 084 T ~  Klamath
2 - — South Cascades
A+TT 6 44,9 58.3 1.94 0.07 :i 0.6
£ 0.
A+EO+T 6 449 58.3 1.94 0.07 g {
A+BO+T 6 44.9 58.3 195 0.07 3 g 04
HUP A+ EO + ENT 6 1.3 13.1 0.00 0.16 =
| 0.2
A+ PDO 5 2.1 13.8 0.04 0.12 i
A + ENT 5 2.3 14.0 0.85 0.10 l 0.0
A+ EQ + PRO 6 0.4 14.0 0.88 0.10 ! 1984 1986 1985 1990 1992 1904 1996 1898 2000 2002 2004 2008 2008
A+ ENP 5 3.2 14.8 1.70 0.07 Year
GDR A+EO+T 6 -13.1 0.6 0.00 0.28 ¢ cali .
! alifornia
A+ EO+ BO 6 -12.2 L5 0.91 0.18
; | 1.0
‘ N
1. # Model notation indicates structure for effects of owl age (A), even—cdd years (EQ), linear time (T), quadratic time (TT}, auteregressive | [ HW Callfarnta
' time {AR(1}], proportion of territories with Barred Owl detections {BO), percent cover of suitable owl habitat within 2.4 km of owl . 0.8 _ eopa
activity centers (HHAB1), eatly nesting season precipitation {(ENP}, late nesting season precipitation (LNP), eatly nesting season ‘ B = — Green Dlamond
- temperature (ENT}, and Pacific Decadal Oscillation {PDC). Habitat information was not available for Califormia, so we did not fit i 'E
if model_s with habitat covariates for study areas in California. ; 3 .8
i 5
) e . . ‘ s 04
and California, which may have made it more models for five study areas (COA, HJA, KLA, g
difficult to detect trends in Washington (¥ig. 3). NWC, GDR; Table 2). Confidence intervals for ! 0.2
For example, there were a few years with zero  the slope ceefficients of the Barred Owl effect ;'
reproduction on the RAT and OLY study areas from the best linear or quadratic time-trend ; 0.0 ‘

in Waghington, whereas years with no repro-
duction were rare on study areas in Oregon
and were never observed in any of the California
study areas (Fig. 3).

Models that inciuded the Barred Owl covari-
ate were part of the top model or competitive

model that included the BO covariate indicated
a negative relationship between Barred Owls
and fecundity on four study areas (COA, KLA,
CAS, GDR) and a positive relationship between
Barred Owls and fecundity on one study area
(HJA; Table 5). On the other six areas (CLE,
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1984 1986 1988 1990 1992 1994 1996 1988 2000 2002 2004 2008 2008
Year

Figure 3. Annual fluctuations in mean fecundity
Northern Spotted Owls in three study areas in
study areas in California (C).

inumber of female young fledged per female) of adult
Washington (A), five study areas in Oregon (B}, and three




i
!
|
i
i
| .
t
i

TAB
Fstimates of mean fecundity (number of fermale young produced per female) of Northern Spotted Owls on

11 study areas in Washington, Qregon,

51
Study area Years n? ES SE
Washington.
CLE 19892008 27  0.115 0.083
RAI 1992-2008 6 0.100 0,100
OLY 1990-2008 8 0,150 0100
Oregon
COoA 19902008 25 0.000  0.000
HJA 1988-2008 15  0.083 0.083
TYE 1990-2008 67  0.018 0.013
KLA 1990-2008 90  0.056 0.024
CAS 1991-2008 37  0.060 0038
California
NWC 1985-2008 71 0.088  0.054
HUP 1992-2008 17  0.000  0.000
GDR 1990-2008 69  0.095 0.034
Averages 11 0.070 0015

LE 3

and California, subdivided by age class.

52 Adults

J R ————

n? % SE ne % SE

36 0517 0109 499 0.553 0.052
11 0111 0.111 269 0302 0.065
12 0361 0.162 711 0.300 0.060

53 0094 0039 1,460  0.263 0.040
48 0110 0.043 1,184  0.323 0.041
87 0.218  0.065 946 0.305 0.034
133 0.280 0045 1,137 0377 0.033
68 0210 0064 1,176 0347 0.052

94 0152 0038 1,108 0324 0.027
25 0.077  0.052 377 0230 0.033
126 0.080 0.024 1,458 0305 0.030
11 0202  0.042 11 0.330 0.025

a Sample size indicates the number of cases in which we sampled owls in each age class. This s nota sample that was used to
calculate means and standard errors. Those estimates were hased on the number of years in the survey period, Estimates were
determined using a nonparametric approach. "Total number of samples by age class was: 81 = 432, $2 = 693, Adult = 10,325.

RAI, OLY, TYE, NWC, HUP), the 95% confl-
dence intervals on the slope coefficients of the
Barred Owl effect broadly overlapped zero, indi-
cating little evidence of an effect of Barred Owls
on fecundity (Table 5). In all study areas, the
proportion of Spotted Owl territories with
Barred Ow!l delections was increasing with
time, but variable among study areas (Appen-
dix B). As a result, temporal trends in fecundity
and the Barred Owl covariate were negatively
correlated and not easily separated. On some
study areas, the temporal effect on fecundity
may have been stronget, and this may explain,
in part, the lack of effects of Barred Owls on
fecundity in some areas. As a result, there was
general uncertainty in selection of models with
sime trends versus Barred Owl effects for most
study areas (Table 2).

The habitat covariate {HAB1) was in the top
model for all study areas in Oregon, and in com-
petitive models for two of the three study areas
in Washington (Table 2). In Oregon, all 95%
confidence intervals for regression coefficients
for the habitat covariate excluded zeto, and on
four of the five areas (COA, HJA, TYE, CAS) the

habitat effect was positive as predicted, with
increased reproductive success associated with
increased amounts of suitable habitat. The
exception was the KLA study area, where there
was evidence that reproductive success declined
with increases in suitable habitat (Table 6}. On
all three study areas in Washington, 95% confi-
dence intervals for the habitat covariate broadly
ovetlapped zero, indicating that there was little
evidence for a habitat effect on fecundity on

those areas (Table 6).
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A TABLE 4
Regression coefficients (B} for time trends on the mean annual rumber of voung fledged by
adult female Northern Spotted Owls in 11 study areas in Washington, Oregon, and California

Estimates based on the best model containing linear (T), quadratic (TT), or autoregressive [AR(1)] time trends.

95% CI
Study area Best model® AAIC B SE Lower u
¢ pper
Washington
CLE A+T+ AR(1) 1.69 -0.005 0.006 -0.017 0.006
RAI A+EO+BO+T 4.49 0.030 0.017 «0.005 0.065
OLY A+EO+T 3.89 0.004 0.008 0,014 0.021
Oregon
COA A+ AR(1) + T + HAB1 0.00 0.070 0.035 -0.001 0.142
HJA A+ EO+ T+ HABL 1.22 0.010 0.008 -0.006 0.027
TYE A +TT + AR(1) + HAB1® 0.00 0106  0.046 0.014 0.197
0.002 0.001 -0.000 0.004
KLA A+ EOQ + T+ HABI1 0.00 -0.024 0.008 -0.039 -0.008
CAS A+EO+T 2.34 -0.015 0.005 -0.026 0,004
California
NWC A+T 0.00 -0.009 0.003 -0.015 -0.003
HUP A+T 4.40 0.005 0.004 -0.004 0.013
GDR A+EO+T 0.00 ~0.007 0.003 0,012 0.002

2 Model notation indicates structure for effects of o
_ ( wl age (A), even—odd years (EO), linear time uadratic t i
?f;e.[AR( 1)), Pmporuon of terri tories with Barred Owl detections {BO), percent cover of suitablet.?\:v?habitatcwi;}l;llilq?ic:::)fr 28116531"‘3
E) ngl]t:ﬁcentr;f) E)HABI&’. ear.ly nesting season precip?tation {(ENDP), early nesting season temperature (ENT), and Paciﬁ.c De.cadalW
on ( ). Habitat information was not available for Californie, so we did not fit models with habitat covariates for study areas

in California.

h - . n
The first estimate ig the linear termn, and the second is the quadraic term.

Weather or climate covariates occurred in
competitive models for RAI, COA, HJA, CAS,
and HUP (Table 2), but the best covariate and
the direction of the effect varied among areas
(Table 7). In particular, the effect of tempera-
ture during the early nesting season (ENT)
occurred in the top model or a competitive
model for four study areas (RAI, COA, CAS,
HUP; Table 2. In three of those areas (RAI
COA, CAS), fecundity was positively associated
with ENT, as predicted, but the confidence inter-
vals on the slope coelficient for COA included
zero (Table 7). In contrast, fecundity was nega-
tively associated with ENT on the HUP study
area, which was contrary to what we predicted
(Table 7). ENT was also the best climate covari-
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ate for GDR, but the model containing ENT was
not competitive, and 95% confidence limits on
the slope coefficients for the ENT effect included
zero (Table 7).

Precipitation during the early nesting season
(ENP) occurred in a competitive model for one
study area (COA) and was the best weather/cli-
mate covariate for CLE and NWC as well
{Table 7). The 95% cenfidence intervals on the
slope coeflicients for ENP excluded, or just
barely included, zero for all three of these study
areas, and the assoclation was negative, as pre-
dicted (Table 7). There was weak evidence for a
negative effect of precipitation on fecundity dur-
ing the late nesting season (LNP) on the HJA
study area, but the 95% confidence interval for
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TABLE 5
Regression coefficients ([ for the effect of Barred Owls on the mean annual number ofyoun:gﬂec?‘ged by
aduft female Northern Spotted Owls in 11 study areas in Washington, Oregon, and California.

Estimates are from the best model that included the Barred Owl (BO) covarfate.

e

Study area Best model?
Washington
CLE A+ TT + BO + AR(1)
RAIL A + EO + BO
OLY A+ FO + BO
Oregon
COA A+ EO + BO
HjA A + FO + BO + HAB1
TYE A +TT + BO + AR{1) + HAB1
KLA A+ BO
CAS A+ EO + BO
California
NWC A+BO+T
HUP A+ BO
GDR A - EO + BO

a Madel notatian indicates structure for effects of owl age {A), even—

95% CI
AAIC, B SE Lower Upper
5.25 0.584 0,983 -1.397 2.566
4,11 -0.505 0.462 -1,455 0.446
4,05 0.045 0.315 -0.601 0.691
0.37 -0.137 0.083 0,305 0.031
0.12 0.289 0.176 -0.065 0.643
2.34 -0.513 0.726 -1.972 0.946
0.61 -0.459 0.234 0,928 0.010
7.40 -0.972 0,387 -1.752 -0.193
1.95 0.554 0.806 -1.057 2.165
4,88 0.197 0.230 -0.269 0.662
0.91 -0.494 0.203 0.902 -0.087

odd years {EQ}, linear time {1), guadratic time (17T), autoregressive

i territories wi ecti £ suitable owl habitat within 2.4 km of owl
ime [AR({1}], proportion of territories with Barred Owl defections (BQ), percent cover o » th : ¢
talgsi[ty cén)t]erlf).; (I—P;ABU. Habitat information was not available for California, so we did not fit models with habitat covariates for study

areas in California,

the beta coefficient overlapped zero (Table 7}.
The Southern Oscillation Index {SOL) was the
best weather/climate covariate for OLY, but the
model that included SOI was not competitive
with the best model, and the 95% confidence
interval on the slope coefficient overlapped zero
(Table 7). The best weather/climate covariate for
TYE indicated a negative effect of late nesting
season temperature (ILNT) on fecundity
{Table 7). While this model was not competitive
with the best model, the 95% confidence limits
on the slope coefficient for the effect of LNT
excluded zero, suggesting that temperature dur-
ing the late nesting season was an important
effect and possibly the best predictor of fecun-
dity for TYE.

Estimation of spatial (site-to-site), temporal {year-
to-year), and residual variance on the territory-

specific data from the best models indicated
that the proportion of variance in number of
young fledged attributable to territories and/or
individual owls (spatial) was generally <6%
(Table 8). The proportion of variance attributa-
bie to fluctuations over time was usually in the
range of 10 to 20%, while the proportion of
unexplained (residual) variation was generally
>80%. As a consequence, the explainable varia-
tion in fecundity by time and territory was over-
whelmed by unexplained, residual variation.

Meta-analysis of Fecundity

The meta-analysis of fecundity for all study
areas with no habitat covariates included pro-
duced three competitive models {ECO+t,
LAT+t, ECO+t+BO), which accounted for 42%,
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TABLE &
Regression cogfficients (B} from the best model containing the effect of habitat on the mean annual number of young
fledged per odult ferale Northern Spotied Owl in eight study areas in Washington and Oregon.

95% CI
Study area Best mode]® AAIC, B SE Lower Upper
Washington
CLE A + AR(1) + HAB1 1.5 1.236 1.129 -1.248 3.720
RAI A + EO + ENT + HABI1 3.2 -1.465% 3.832 -9.356 6.426
OLY EO + HAB1 1.8 9,253 10.305 -30.300 11.792
Oregon
COA A +T + AR(1} + HAB1 0.0 15.672 7.346 0.792 30.552
HJA A+ EO + HABR1 0.0 11,313 2.650 5.787 16.475
TYE A+ AR(1) + HAB1 0.0 0.909 0.432 0,031 1.788
KLA A+ EO + T+ HABL 0.0 8.737 3.415 -15.600 -1.871
CAS A+ EO + ENT + HAB1 0.0 6.066 2313 1.405 10.727

1 Model notation indicates structure for effects of owl age (A), even—odd years (EO), linear lime (T), autoregtessive time [AR{1}],
parcent cover of suitable owl haliitat within 2.4 km of owl activity centers (HAB1}, carly hesting season temperature (ENT), and forest
habitat within 2.4 km radius of owl territory (HAB1). Habitat information was not available for California, so we did not fit models

with habitat covariates for study areas in California.

349%, and 19% of the model weights, respec
tively (Table 9). These three models suggested
that fecundity varied by time and was parallel
across ecoregions or latitudinal gradients (Fig. 4),
with some weak evidence for an additional
Barred Owl effect. The estimate of the regres-
sion coefficient for the best model with the BO
effect was negative, suggesting fecundity
decreased as the proportion of territories where
Barred Owls were detected increased. However,
the 95% confidence interval for the beta coeffi-
cient for the BO effect overlapped zero (f =
-0.12, SE = 0.10, 95% Cl = -0.31 to 0.07}. A lin-
ear time trend (T) in fecundity was not sup-
ported by the meta-analysis because of the high
variation in fecundity over time and the break
down of the even—odd year effect after about
1999 (Fig. 4). The AAIC_ estimates for the best
models that included ownership (OWN+t) or
climate (ECO+ENP) were 8.6 and 79.0, respec-
tively, indicating that ownership and climate
covariates explained little of the temporal varia-

bility in fecundity across the range of the Spot-
ted Owl. Average fecundity over all years was
similar among ecoregions except for the Wash-
ington Mixed-Conifer region, where mean
fecundity was 1.7 to 2.0 limes greater than in
the other ecoregions (Table 10). Pecundity was
lowest for the Oregon Coastal Douglas-fir
ecoregion.

The meta-analysis of fecundity for Washing-
ton and Oregon, which included the habitat cov-
ariate, resulted in two competitive models
(ECO +t, ECO +t+HAB1) and a third model that
was only slightly less competitive (ECO+t+BO;
Table 9). These three models accounted for 55%,
21%, and 17% of the model weights, respec
tively, and were similar to the most competitive
models from the meta-analysis of all study
areas, except for the competitive model that
included the habitat covariate {Table 9). As in
the meta-analysis of all areas, there was some
evidence for a weak negative effect of Barred
Owls on fecundity, although the 95% confidence
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TABLE 7 TABLE 8 Y
Regression coefficients ([§) from the best model containing the effect of a climate or weather Variance component |
th C
‘, covariate on the mean anmial number of young fledged by adult fermale Northern Spotted Northarn Spotted gw]sﬁz::fa ;z:jjnzr;r::f;inr:r:fzr Of}’oungﬂsdgled by aduf’tfzma.Ig |
i Owls in 17 study areas in Washingion, Oregon, and California. ysis of year- and territory-specific estimates. i
Spatial® b )
95% CI Stud patia Temporal Residual ot
. tudy arca Estimate % Total Estimate ¢ . @
Study area Best model® AAIC, B SE Lower Uppet stimate % Total Estimate 9% Total Estimate
Washington
Washington
CLE 0.054 6 0.144 16 0.691 77
CLE A + ENP 2.57 0015 0.005 0025 0004 RAI ' 0.89%
[ 0.000 0 0.009 2 0.453 97
RAT A + EO + ENT 0.00 0.091 0.038 0.013 0.169 oLy : 0,467
0.005 1 0.109 21 0.399 77 ]
OLY A+ EO + 801 3.06 0.061 0,060 -0.183 0.062 . 0.518 :
Oregen y
Orepon COA j
0.006 1 !
coa A+ EO + ENT 0.34 0030 0018 0007  0.067 s 0.102 17 0.486 81 0.600 |
0.000 0 !
HJA A + EO + LNP + HAB1 1.39 -0.004 0.003 -0.011 0.003 v 0.084 12 0.604 86 0.702 |
0.01 ;
TYR A + INT 745 0053 0025 0103 -0.004 014 2 0.075 11 0.587 86 0.683
KLA
KLA A + ENP 2.22 -0.002 0.001 -0.004 0.001 (0015 2 0.051 7 0.661 90 0734
CAS : .
CAS A + EO -+ ENT + HAB1 0.00 0.071  0.024 0022 0120 0.015 2 0.118 16 0.592 80 0740 |
: . California |
California !
Nw .
NWC A + ENP 5.12 0.002  0.001 0.004 0.000 ¢ 0.007 1 0.043 6 0.647 91 0.711 |
HU ,
HUP A - EOQ + ENT 0.00 -0.060 0.024 -0.109 0.011 P 0.021 4 0.016 3 0.481 o 0.523
GDR A + EO + ENT 4,69 0.023 0.017 0.011 £.056 GDR 0.013 2 0.040 6 0.605 91 0.665

a . . .
Spatial process variance is the random effects estimate ol territory variability.

 Model notation indicates structure for effects of owl age (A}, even—odd years (EO), percent cover of suitable owl habitat within 2.4 lan b
Temporal process variance is the random effects estimate of annual variability,

of owl activity centers (HAB1), early nesting season precipitation (ENP), early nesting season temperature {ENT), late nesting season
temperature (LNT), and Southern Oscillation Index (SOI), Habitat information was not available for California, so we did not fit
models with habitat covariates for stndy areas in California,

TABLE 9

'

¥
H
1
B
K

interval for the beta coefficient for the effect of
Barred Owls overlapped zero (f = -0.104, SE =
0.129, 95% CI = -0.369 to 0.151}. There was no
evidence for an effect of habitat on fecundity in

The total number of recaptures/resightings of
banded owls (19,164) was approximately four
times the number of initial captures. The over-
all y* goodness-of-fit for the global model from

Model seleciion resufts from tneta-analyses of the annual number
af young fledged per adult fermale Northern Spotted Owi,

Only models with AAIC_ < 10 are shown.

the meta-analysis (§ = -0469, SE = 0.453, 95%  program RELEASE summed across study areas Models® K -2logl, AIC AAIC W
< C [
| CI = -1.363 to 0.426). Linear time trends (T) in  was 1,543.2 with 972 degrees of freedom (2 = All study areas :
B fecundity had little support, and models that 1.59, P> 0.10), indicating good fit of the data to HCO + 1
[ included ownership (OWN+t) or climate the Cormack-Jolly-Seber open population LAT 3 25.3 8.4 0.0 0,42
’ (ECO+ENP+HAB1) were not competitivewiththe  marlerecapture model (Table 11}. The range of tt 27 36.3 98.8 0.4 0.34
top model (AAIC, = 12.9 and 55.1, respectively). %% for the individual study areas was 0.86 to 2.79, ECO+t+BO 32 24.1 99.9 1.6 0.19
with df ranging from 63 to 125 (Table 11), again t 26 44.5 104.1 5.7 0.04
H Apparent Survival indicating good fit to the model for most study OWN +1t 29 42.4 104.6 8.6 0.01
Individual Study Areas areas. Examination of the data indicated that Washingtor: and Oregon study areas only -
: the small lack-of-fit to the Cormack—Jolly- ECO + ¢t 26 346 579
! To estimate annual apparent survival we useda  Seber open population model was due primarily ECO ' i 00 035
) i . i +1t+ HAB1 27 336 99,7 1.9 o
sample of 5,244 banded owls, including 796 to temporary emigration, when owls moved off ECO 4 14 BO - : . .21
(15.2%) 1-yr-old subadults, 903 (17.2%) 2-yr-old  of the study area for one or more years and later 340 100.2 2.3 0.17
ECO +t + BO + HABI 28 33.2 102.3 45 0.06

gubadults, and 3,545 (67.6%) adults {Table 1).

returned or were temporarily displaced as a
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a L
Model notation indicates structure for effects of ecoregion (ECO), general time (Y}, proportion of

territories with Barred Owl detections {BO)}, ownership (OWN
. . iy ! [ i i
within 2.4 km of owl activity centers {HAB1). a v percent cover afsulable ol habiat
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Figure 4. Mean annual fecundity (no. of fermale young fledged per female) of adult Northern Spot-

ted Owls by ecoregion. Estimates are based o
study areas, where t represents annual time &

TABLE 10

1 the best model (ECO+) from a meta-analysis of 11
ffects and ECO represents the ecoregion effects.

Estimates of mean annual fecundity (namber of ferale young produced per female)
for adult Northern Spotted Owls in six ecoregions.
e

Ecoregion =

Washington Douglas-fir 0.301
Washington Mixed-conifer 0.553
Oregon Coastal Douglas-fir 0.284
Oregon Cascades Douglas-ir 0.334
Oregon /California Mixed-conifer 0.314
California Coast 0.305

95% CI

SE Lower Upper
0.043 0.217 0.385
0.052 0.451 0.655
0.026 0.233 0.335
0.032 0.271 0.397
0.019 0.277 0.351
0.030 0.246 0.364

=
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TABLE 11
Estirates of goodness-offit and overdispersion () in capture—recapture data for adult Northern Spotted Owls from
11 demographic study aregs in Washington, Oregon, and California.

CJs8 Agys®
Study area ¥ df  x%df  Median- x* df  ¥¥df  Median-
Washington
CLE 72.05 68 1.06 0.99 35.21 51 0.69 1.03
RAI 77.39 72 1.07 111 33.73 47 0.72 1.00
OoLY 151.50 95 1.59 1.08 156.42 104 1.50 1.04
Oregon
COA 208.65 97 2.15 1.05 168.87 56 3.02 1.17
HJA 189.38 105 1.80 1.09 167.29 78 214 1.09
TYH 90.57 72 1.26 1.04 69.63 64 1.09 1.13
KLA 79.67 92 0.87 1.00 87.48 74 1.18 1.03
CAS ) 170.94 90 1.90 1.00 142.91 65 2.20 1.06
California
NWC 76.16 89 0.86 1.00 12493 81 1.54 1.06
HUP 78.64 63 1.25 0.97 46.06 52 0.89 1.09
GDR 348.25 125 2,79 1.00 139.81 50 2.80 1.00
Totals 1,543.20 972 1.59 1,030 1,366.70 847 1.61 na

#CJS indicates data sets used for Cormack—Jolly—Seber estimates of apparent survival. A g indicales data scts used for reparamcterized
Jolly—Seber estimates of annual Hnite rate of population growth. Values for y* and df are from TEST 2 and TEST 3 in program
RELEASE, Estiinates of £ are from median-¢ routine in program MARK. Estimates of £ < 1.0 were set to 1.00 for analysis.

b Weighted average across all study areas,

territorial owl. The overall estimate of overdis-
persion from the median-¢ routine in program
MARK was 1.03, with estimates for individual
study areas ranging from 0.97 to 1.11 {Table 11).
Overall, results of GOF testing indicated there
was little to no overdispersion (i.e., lack of inde-
pendence) of recaptured owls.

Although there were exceptions, estimates
of annual recapture probabilities (p) typically
were high, ranging from 0.70 to 0.95 on most
study areas. High rates of recaptures/resightings
tnake the Spotted Owl an ideal species for
mark-recapture studies. In the analyses of
recapture probabilities, factors affecting p in
the best models varied among study areas
{Table 12). For seven of the 11 areas, there was
an effect of sex on p; in all seven cases, p was
higher for males. Other effects on p in the top
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models for one or motre areas were a variable
time effect (OLY, HJA, CAS areas), negative
Barred Owl effect (RAI, COA, KLA areas),
andfor a positive reproductive effect (RAI,
CLE, TYE areas; Table 12). There was no evi-
dence of time trends on p on any study areas.
On two study areas, the “biologist’s choice”
models were the best models for p. The best p
model for one of these areas (NWC) included
the additive effects of sex and recapture
method; in this case, owls were physically
recaptured in 1986 to 1987 and then resighted
or recaptured in subsequent years. The other
case in which the biologist’s choice model was
the best p model included an east-west divi-
gion of the HUP study area based on differ-
ences in Spotted Owl density, forest type, and
ease of access (Table 12}.




TABLE 12
Estimates of model-averaged mean apparent survival {5 ) for three .
age classes of Northern Spotted Owls on 11 study areas in Washington, Oregon, and California.

e

1P S2P Adult?
Study area Structure on best model® Sex B SE P SE T SE
Washington
CLE ©[CP) p(R} F 0794 0051 0820 0023 0819 0013
M 0795 0.051 0820 0023 0819 0.013
RAI ¢[(S1 = S2, A) + BOI p(BO + R} F 0541 0181 0674 0156 0841 0019
M 0546 0.181 0678 0.157 0.844 0.018
OLY o[(S1, 82 = A) + 5+ T] pls + 1) F 0520 0148 078 0081 0828 0016
M 0571 0.145 0814 0075 0852 0.014
Oregon (
CoA G[(SL+ 52+ A) + TT|pBO +35)  F 0742 0072 0864 0031 0859 0.009
M 0.748 0071 0868 0.030 0863 0.008
HJA Gl(S1, §2 = A) - ] pls + 1) F 0717 0084 0830 0042 0865 0.010
M 0717 0.084 0.830 0042 0.864 0.010
TYE [(S1, 52 = A) + TT) p(R + 5) F 0761 0043 0864 0020 0856 0008
M 0762 0042 0865 0019 0857 0.008
KLA (81, S2 = A) + ] p{BO + 3) F 0788 0040 0858 0020 0848 0.008
M 0786 0040 0857 0.020 0.847 0.008
CAS @[{S1, 82 = A) + TT] plY) F 0692 0069 0733 0053 0851 0.010
M 0697 0.069 0737 0053 0853 0.010
California
NWC GliS1 = 82, A) + T] p(Meth + 5) F 0774 0031 0784 0031 0844 0.009
M 0776 0.031 0787 0,031 0.346 0.009
HUP @(S1, 52 = A) p(EW + Effort) F 0758 0087 0838 0038 0.854 0.014
M 0762 0086 0.840 0.037 0857 0.013
GDR o[(81, 52 = A) + BOJ Bis) F 0767 0.044 0852 0015 0.853 0.007
M 0764 0,045 0850 0015 0.851 0.007

a Model notation indicates structure for additive (+) or interactive (*) eﬂectzf of sex (s), time (t), bnear t.ime trend (T}, (%uadr;tllcégn; )
trend (TT), 2004 change point (CF}. reproduction [R), proportion of territorles \?‘lﬂ'l Bar.red O.wl dctectul)ns (BQ), i{ge ] a.«.zs (Eff’mt)' An,
ecast~west hinomial subdivision of study area (EW), survey method (Meth), or differential survey effort in particular years .
«=* gign means that age classes were combined, and a *,” indicaies they were mod'eledlseparatialy. . . ]

b Age classes (S1, 82, A) indicate owls that were 1, 2, or =3 years old. Average survival is the arithmetic mean of model-average:

annual swrvival estimates. Standard errors were caleulated using the delta meathod.

The best model structure for apparent sur- had higher survival than females (Table 12).

TABLE 13
Coeffisient estimates () for the best models thai included a time trend
on apparent survival of non-fuvenile Northern Spotted Owls on 11 study areas
in Washington, Oregon, and California.

95% ClI
Study area Model trend®  AQAIC, ¢ S Lower  Upper
Washington
CLE crp {T)b 0.00 -0.027 0.021 -0.069 0.015
-0.182 0.073 -0.324  -0.039
RAI CP (T)b 2,48 0143 0057 0254 0,031
0.205 0.129 -0.048 0.458
OLY . T 0.00 -0.032 0.016 «0.064 0.000
Oregon
COA TT 0.21 0.146  0.046 0.056  0.237
-0.009 0.002 -0.014  -0.005
HJA T 0.01 -0.013  0.010 -0.033  0.007
TYE TT" 0.00 0.154 0.048 0.060 0.247
-0.008 0.002 0013 -0.003
KLA cpd 4.38 -0.030 0.025 -0,079 0.020
CAS T 0.00 0169  0.058 0.056  0.282
-0.009 0.003 -0.015  -0.002
California
NWC T 0.00 0.016  0.008 0033 0.000
HUP cpd 1.61 -0.031 0.049 -0.127 0.063
GDR T 0.54 -0.030  0.009 -0.048 0011

8T = linear time trend, TT = quadratic time trend, CP = change point starling In 2004.

b Models that have a change point beyond which the function changes. The first row estimate is the
linear titne trend {T) and the second is & change point starting in 2004 {CP).

¢ For quadratic models (IT), the first row indicates the ltinear term and the second row indicates the
quadratic term.

4 Constant survival from start year to 2004, with negative time trend beginning in 2004,

structure for two study areas (RAI, GDR) and zero or narrowly overlapped zero (Table 13).
the p structure for three study areas (RAI, COA, Declines in apparent survival were most evi-
KLA). The Barred Owl covariate also occurred  dentin Washington, where all [} estimates were
in competitive models for ¢ on the OLY and negative with 95% confidence intervals that did
NWC areas (see Fffects of Barred Owls on not overlap zero (Fig. 5A). In addition, the
Recapture and Survival below). declines in apparent survival on the CLE and

Based on the best gurvival models that RAI study areas were most precipitous during

vival {@} varied among study areas, but several
patterns emerged (Tlable 12). Most notably,
apparent survival tended to be higher for adults
than for subadults and was similar between the
sexes, except on the OLY study area where males

STUDIES IN AVIAN BIOLOGY NO. 40  Forsman et al.

Presence of Barred Owls, variable time (t}, or
time trends (T or TT) were important effects on
apparent survival in one or more study areas. In
the best models for each study area (Table 12),
the Barred Owl covariate was included in the ¢

SR R T
e, T O B A VLA e S Ty A L (R S TR _&1“#‘»..‘?63_ \!r.‘l.{. %

included time trends, we conciuded that appar-
ent survival was declining on 10 of the 11 study
areas (CLE, RAI, OLY, COA, HJA, TYE, CAS,
NWC, HUP, GDR), as indicated by 95% confi-
dence intervals on P that either did not overlap

the last five years of the study, as represented by
the change-point {CP) time structure in the
best models and steeper declines after 2004
(Fig. 5A). Annual estimates of apparent sur-
vival for owls on the CLE, RAIT, and OLY areas
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Figure 5. Model averaged estimates of apparent survival of adult female Northern Spotted .OW].S -in three
study areas in Washington (A}, five study areas in Oregon (B), and three study areas in California {C).
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were <0.80 during the latter years of the study,
which were the lowest rates recorded. In Ore-
gon, apparent survival declined on four {COA,
HJA, TYE, CAS) of the five study areas, most
noticeably during the last five years of study
{Fig. 5B). Temporal changes in apparent sur-
vival for COA, TYE, and CAS were best
described by a quadratic function, whereby sur-
vival increased during the early years of the
study, then declined during later years. The owl
population on the KLA study area was the only
one in Oregon that did not have a declining
survival rate, as the best model for KLA sup-
ported a variable time (t) effect (Table 12). In
California, there was strong evidence for linear
or change-point declines in apparent survival
on all three study areas (NWD, HUPF, GDR), as
indicated by 95% confidence intervals for B's
that either did not overlap zero or only narrowly
overlapped zero (Table 13, Fig. 5C).

Meta-analysis of Apparent Survival on All Areas

We used encounter histories from 3,545 adults
in the meta-analysis of apparent survival
{Table 1). The estimate of goodness-of-fit from
program RELEASE indicated good fit of the data

T T 1
2002 2004 2006  represenis study area effects,
and s represents sex effects.

to the Cormack—Jolly—Seber open population
model (2 = 1740.9, df = 1,012, P > 0.10). The
weighted average estimale of mediant was
1.031, indicating little overdispersion (i.e., lack
of independence) in capture histories. We used
this estimate to adjust model selection from
AIC, to QAIC_ and inflate variance estimates
accordingly.

The best model from the meta-analysis of
apparent survival was the random effects model
o{g*t) p(g+s+t): RE(g+R), which indicated that
survival varied among study areas (g) and years
{t) and that recapture rates varied amaong study
areas, sexes, and years (Table 14). This model,
which had a QAIC_ weight of 0.18, also included
the reproduction covariate (R). The effect of
reproduction was negative with a 95% confidence
interval that barely overlapped zero (Table 15).
Several random effects models were competitive,
including a second-best model that included the
Barred Owl (BO) covariate. The regression coef:
ficient for the BO covariate was negative, with a
95% confidence interval that did not overlap zero
{Table 15). For more details on the effects of
Barred Owls on apparent survival, see below.
Other random effects models with AQAIC = 2
from the best model were identical in structure
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TABLE 14

Model selection criteria for a priori and post hos models used in the meta-analysis Dj‘-
apparent survival of aduft Northern Spotted Owls on 11 demographic study areas in Washington,
Oregon, and Califernia, 19852008,

e
Model* K Q-Deviance® QAICS  AQAIC w;
.- T

Random effects models

p(g) plg + 5 + B RE (g+R) 1429 1347007 3265914 0.0 0.18
(g™ plg + s + 1) RE (g + BO) 1421 1347189  32,659.33 019 0.16
lg*t) plg + s + t): RE (g + BO + PDO} 1422 13,471.86  32,659.57 043 0.14
e(g*l) plg + s + 1) RE (g + PDO) 143.2 1347027 32,659.89 075 0.12
elg") plg + s+ Y RE(g +T) 1430 1347101  32,660.26 112 0.16
elgt) plg + s + 1) RE (g + Mean) 1433 1347049  32,66045 131 0.09
{g*t) plg + s+ t): RE (g + ENP) 1437 1347015  32,660.82 1.68 0.08

olg*t) plg + s + t): RE {g + ENT) 1438 1347008 3266091 177 0.07
g+ 50]) 1439 1347004 3266106 193 0.07
g + FAB1) 2052 1346060 32,776.34  117.02 0.00

pl
g ) plg + 5 + 1 RE(
plg*t) plg + s + 1) RE(

Fixed effects models

$(ECO + 1) plg +5+1) 62 13,732.87  32,758.61 99.47 0.00
@(RCO + OWN + typ(g -+ s + 1 64 13,730,05  32,759.82  100.68 0.00
plg+1) plgt+s+1 67 13,726.38  32,762.18  103.04 0.00
posthoc (g + t+ BO) plg +5 + B 68 13,725.04  32,762.86  103.72 0.00
plg+s+1) plgtst+i) 68 13,725.90 3276371  104.57 0.00
post hoc g + t + HABL) plg + 5 + f) 68 13,726.30  32,764.11  104.98 0.00
post hoc p{g*California + HABL + ) p(g + 5 +1) 61 13,743.14  32,766.87  107.74 0.00
Q(LAT + ) plg + 5 +1) 58 13,752.30 32,769.96 110.82 0.00
post koo gt + BO) pg + s+ 1) 58 13,752.60 3277031 11117 0.00
POWN + 9 plg +s+1) 59 13,752.80  32,772.54 11340 0.00
olg+BO+s)plg s+l 47 13,830.54  32,826.13 16699 0.00
P(ECO+ Tiplg +s+1h 41 13,842.81  32,826.35  167.22 0.00
plgRiplg+s+t) 57 13,812.57  32,82826 16912 0.00
Q{ECO*T) plg + 5+ 1) 46 13,836.97  32,830.55 17141 0.09
pR+sjplg+sty 37 13,856,51  32,832.03 172.89 0.00
@(g*s*t) p(g¥s*t) global 782 12,764.58  33,287.46  628.32 0.00

* Codes indicate mode! structure for additive ( +  or interaciive (¥) effects of ecoregion @ECO}, study area (g),'sex (=) annuzlil time (:),
linear time trend (1), land ownership (OWN), latitude {LAT), proportion of territories Wlth. Barred Owl dEtlECtl{.)nS (BOJ, petqlmt cotler
of suitable owl habitat within 2.4 km of owl activity centers (HAB1), reproduction (R}, Pacific Decadal Oscillation {PDO}, eatly nesting
precipitation (ENP), early nesting temperature {ENT}, ot Southern Oscillation Index {SOI).

b ()-Peviance is the difference between -2log{ )/¢ of the current model and -Zlog( )/¢ of the saturated model.

¢ 2 walues for individua! study areas can be found in Table 11.

TABLE 15
Coefficient estimates () for covariates included in the meta-analysis of apparent
survival of non-juvenile Northern Spotted Owls on 11 study areas in Washingion, Oregon, and California.

95% CI
Covariate Model* ] SE  Lower Upper

Random effects models

R e(g plg + 5+ RE (g + R) 0.024 0013 0049  0.001
BO ®(g*t) plg + s + 1): RE (g + BO) 0086 0.037 -0.158 -0.014
PDO e(g*t) p(g + s + 1): RE (g + PDO) 0.009 0006 -0.002 0,019
T @lg*t) plg + s + i RE (g +T) 0,002 0.001 -0.004  0.000
ENP ®lg ) p(g + s + t): RE (g + ENP) 0.000 0.000 -0.001 0,000
ENT (gt plg + s + ) RE (g + ENT) 0.004 0.006 -0.007 0.015
501 elg™) p(g + s + ): RE (g + SO1) 0002 0006 -0.014  0.009
HAB1 ®(g*t) plg + s + t): RE (g + HAB1) 0339 0354 -0.352  1.030

Fixed effects models
EcoregionP . O{ECO+tiplg+s+1
OR Cascades Douglas-fir 0.162 0.070 0.024 0.300
WA Mixed-conifer 0,142 0.100 -0.338  0.055
OR-CA Mixed-conifer 0,042 0070 -0094 0.179
OR Coast Douglas-fir 0.184 0.071 0.046  0.323
CA Coast 0103 0.075 -0.044  0.251

Ownership® @(ECO+ OWN +i)plg+s+ 1)
Federal -0.190 0115 0416  0.036
Mixed 0136 0113 6357  0.086
BO posthoc @(g + t + BO) plg +s3+1) -0.339 0.293 0914  0.237
Habitat post hoc @(g + t + HABL) plg + s + 1) -0.466  1.852  -4.097  3.165
Latitude G(LAT + ) plg + & + ) 0.009 0.009 -0.026  0.009
Reproductien ofR +s)plg+ s+ -0.200 0.065 -0328 -0.072

* Cedes indicate effects of study area {g), titne (t), sex {s), proportion of territories with Barred Owl detections (BO),
reproduction (R}, Pacific Decadal Oscillation (PDOY, lintear time trend (T), percent cover of suitable owl habitat within

2.4 km of ow] activity centers (HAB1), land ownership (OWN), latitude (LAT), catly nesting precipitation {(ENT), early nesting
temperature {ENT), or Southern Oscillation Index (SOI.

bWA Douglas-fir was the reference type.
¢ Nen-federal ownership was the reference type.

to the best model, except that the reproduction  years of our study were a sample of all possible
covariate was replaced by other environmental years, whereas the fixed effects models pertained
covariates, including Pacific Decadal Oscillation  directly to the years sampled. Although none of
(PDO), linear time effects (T), mean effects, early  the fixed effects models were competitive with
nesting season precipitation (ENP), early nesting  the best random effects model {Table 14), it is
season ternperature (EN'T}, or Southern Oscilla-  important to describe the results for each analy-
tion Index {SOI; Table 14). The random effects sis because they represent different interpreta-
models were based on the assumption that the tions of the data (see Methods).
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Figure 7. Estimates of apparent anmual survival of adult female Northern Spotted Owls in
six ecoregions (ECO), based on the lineat time-trend model 9(ECO+T) plg-+i+s) frem the
tmeta-analysis of 11 study ateas. Study area effects are represented by g, annual time effects

by t, and sex effects by s.

In the meta-analysis of survival, the best or
competing models indicated that there was con-
siderable variation in survival rates among study
areas, ecoregions, and years (t), and that the
variation in survival among study areas and
ecoregions was parallel over time (Fig. 0).
Because the general trend in survival suggested
a slight decline over the period of study (Fig. 6),

“we investigated the regression coefficients in

the best random effects and fixed effects models
that included time trends (T}. The best random
effects model with a time trend [@(g¥t) p(g+s+t):
RE(g+T)] included a negative effect on survival
(f = -0.0016), with a 95% confidence interval
that barely overlapped zero {Table 15). The best
fixed effects model with a time trend [¢(ECO+T}
pg+s+t)] also provided evidence for an overall
decline in apparent survival for all study areas
combined (Fig. 7).

Several other covariates were included in com-
petitive models for the meta-analysis of apparent
survival. There was no evidence from the ran-
dom effects models that early mesting season
temperature (ENT), Southern Oscillation Index

(SOY), or percent cover of suitable owl habitat
{HAB1) had an effect on survival because the
959% confidence intervals for these covariates
included zero (Table 15). In contrast, there was
some evidence that presence of Barred Owls
(BO). early nesting season precipitation (ENP),
and time trends (T) each had an effect on sur-
vival rates in the random effects models
(Table 15). From the fixed effects models, there
was evidence that survival rates differed among
ecoregions, with the Oregon Cascades Douglas-
fir, Oregon Coast Douglas-fir, and California
Coast regions having higher survival rates than the
Oregon/California Mixed-conifer and Washington
Mixed-conifer regions (Table 15; Fig. 7). There
was no evidence from the fixed effects models
that ownership, Barred Owls, habitat, or latitude
thad an effect on survival, but there was evidence
that annual survival was negatively related to the
mean number of young produced in the previous
breeding season (ff = -0.200, 95% CI = -0.328
to -0.072). Although the evidence supgested
+hat several of the above covariates influenced
apparent survival, they explained little {00 5.7%,
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TABLE 16
Models selected in the meta-analysis of apparent annual survival of Norihern
Spotted Qwls for eight monitoring areas in Washington, Oregon, and California.

Model® K QDeviance QAICY®  AQAIC W,

Random effects models C !
@{g*t) plg + s + B RE (g + R} 152.68 10,811.970 26,028.850  0.000  0.200
elgt) pig + s + §: RE (g + BO) 152.46 10,812.900 26,020.327 0473  0.158
@(g™) pig + s + t): RE {g + Mean) 153.00 10,812.210 26,029.745  0.892  0.129
@{g*t) pig + s + 1: RE (g + PDO) 153.27 10,811.850 26,029.937 1.083  0.117
@(g ) plg + s+t RE (g + T) 15323 10,812.130 26,030.132 1279  0.106
e(g*) plg + s + t: RE (g + ENP} 153.31 10,811.980 26,030,145 1291  0.105
e(g*) plg + s + t): RE (g + SOI) 153.51 10,811.870 26,030440 1586  0.091
e(g*t) plg + s + t: RE (g + ENT) 153.51 10,811.880 26,030.461 1607  0.090

plg*t) plg + s + t): RE (g - HAB1) 157,84 10,809.420 26,036.809  7.956  0.003

Fixed effects models

@(ECO +t) p(g + 5 + 1} 58
e[OWN + ECO + 1) plg +5-- 1) 59
plg+s+tplg+sti) 62
PLAT+ )plg+s+1H 55
eOWN + ) plg + s+ 55

11,023.270  26,048.455 19.601 0.000
11,022.470  26,049.665 20.811 0.000
11,019.080  26,051.603 22.749 0.000
11,044,310 26,063.449  34.596 0.000
11,044.490 26,063.631 34778 0.000

a L
‘31;%1 ggiattlont l(n)dlcatcs sr‘rudurl"e for study area (g), time (t), linear time (T), ecoregion (ECO), land ownership
, constant {.}, proportion of terrilories wilh Berred Owl deledtions (BO), earl sting se ipitat
: i : , rarly nesting scason precipitaton
(ENP), early nesting season temperatire (ENT), percent cover of suitable owl habitat within 2.4 km Ef owll)activir
centers {HAD1), Southern Oscillation Index (SOI}, aad Pacific Decadal Oscillation (PDO). ’

b ¢ yalues for individual study areas can be lbund in Table 11,

individually) of the variation among study areas
and years. Thus, there was considerable annual
varfation in survival estimates {Fig. 6), and no
covariate, including Barred Owls, percent cover
of suitable habitat, climate, or time trends,
explained a major portion of this variation. For
example, the Barred Owl covariate and time trend
explained only 5.7 and 2.3% of the variability in
apparent survival, respectively.

Meta-analysis of Apparent Survival on the Eight
NWFP Monitoring Areas

The two best models in the meta-analysis of
apparent survival for the eight NWFP study areas
were the same as the analysis of all 11 study areas
{Table 16). In the top meodel, the regression coef:
ficient for the effect of reproduction was negative

with a 95% confidence interval that barely over-
lapped zero. In the second best model, the regres-
sion coefficient for the effect of Barred Owls was
negative with a 95% confidence interval that did
not overlap zero. Six othet random effects mod-
els that were competitive included mean effects,
Pacific Decadal Oscillation (PDO), time trend
{T), early nesting season precipitation (ENP},
Southern Oscillation Index (SOI), or early nest-
ing season temperature (ENT) in place of the BO
covariate (Table 16). The rankings of the random
effects and fixed effects models were similar
beiween the analyses of all 11 study areas and the
eight NWFP monitoring areas, and none of
the fixed effects models wete competitive with
the best random effects models (Tables 14, 16).
Because the results were similar regardless of
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TABLE 17
Coeflicient estimates (B for the best models tha included an
effect of reproduction on apparent survival of non-juvenile Norfhen?
Spotted Owls or 11 study areas in Washington, Oregon, and California.

e

95% CI

Study area AQAIC, A SE Lower  Upper
‘Washington

CLE 272 0.466 0.220 0.035 0.897

RAI 2.88 -1.030 0.450 -1.910 -0.014

OLY 0.75 -0.420 0.241 -0.893 0.053
Cregon

COA 2296 0.088 0.181 -0.267 0.443

HJA 7.30 -0.165 0.194 -0.546 0.216

TYE 8.33 0.317 0.261 0.195 0.829

KLA 5.69 0.041 0.214 -0.378 0.461

CAS 7.23 -0.129 0.194 -0.509 0.252
California

NWC 2.65 0.249 0.234 -0.210 0.708

HUP 0.28 0.573 0.447 -0.304 1.450

GDR 5.16 0.556 0.239 0.088 1.024

R

whether we examined the eight NWEP study
areas or all 11 study areas combined, we empha-
size only the results from all 11 areas in the fol-
lowing sections.

Potential Cost of Reproduction on Survival

In the analyses of apparent survival for individ-
ual study areas, there was 1o evidence of a nega-
tive effect of reproduction on survival rates in
the following year at seven of the 11 study areas
(COA, HJA, TYE, KLA, CAS, NWC, HUP, Table
17). Confidence intervals for the regression coef-
ficients for reproduction at those seven areas all
overlapped zero (Table 17). For two study areas
in Washington (RAIL, OLY), there was evidence
of a negative effect of reproduction on survival
in the following year. At RAI, the regression
coefficient for the reproductive effect in the best
model was negative with a 95% confidence inter-
val that did not overlap zero. At OLY, the effect of
reproduction was part of a competitive model in

which the 95% confidence interval on A barely
overlapped zero (Table 17). In contrast, there was
evidence of a positive effect of reproduction on
survival at CLE and GDR, as the regression coef-
ficients for the reproduction covariates were pos-
itive, with 95% confidence intervals that did not
overlap zero, However, the models for CLE and
GDR that included the effect of reproduction
were >2 QAICs from the best models, and these
latter results were contrary to our original
hypothesis,

In the meta-analysis of apparent survival for
all 11 study areas, the best random elfects
model, p(g*t) p(g+s+t): RE(g+R), included the
effect of reproduction. The effect of reproduc
tion was negative (f§ = -0.024) and the 95% con-
fidence interval barely included zero {-0.049 to
0.001). The best fixed effects models with an
effect of reproduction were @(g"R) plgts+t)
and @(R+s) p(g+s+1) (Table 14). Although there
was little support for either of these models
(AQAIC s > 168.0 and QAIC_weights = 0.000}),
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the regression coefficient for the effect of repro-
duction in the second model was negative (=
-0.200) with a 95% confidence interval (-0.328
to -0.072) that did not overlap zero (Table 15).
Based on this outcome, we concluded that there
was evidence for a negative effect of reproduc
tion on survival in the following year in some,
but not all, study areas.

Effects of Barred Owls on Recapture and Survival

The BO covariate was included in the best model
structure for recapture probability in three (RAI,
COA, KLA) of the 11 study areas (Table 12), and
the best models that included a BO effect on
recapture indicated a negative effect in seven
study areas and a positive effect in four areas.
However, the 95% confidence intervals on the
regression coefficients for the BO  effect

overlapped zero in seven areas. In the four cases
where the 95% confidence intervals did not over-
lap zero, two cases indicated a negative effect and
two cases indicated a positive effect.

In the analysis of individual study areas, we
found evidence for a nepative effect of Barred
Owl presence on apparent survival of Spotted
Owls on the RAI, COA, HJA, and GDR study
areas (Table 18). There also was sorme evidence
that presence of Barred Owls had a negative
effect on apparent survival of Spetted Owls on
the OLY and NWC study areas; on those arcas
the Barred Owl etfect was among the competi-
tive models, but the 95% confidence intervals
for the regression coefficient barely overlapped
zero (Table 18). Inexplicably, there was one
study area (CAS) that had weak evidence for a
positive effect of Barred Owls on survival
{Table 18). The evidence for an effect of Barred

TABLE 18

Estimates of AQAIC_ and pargmeter estimaies [Py for the effects of Barred
Owis on apparent annual survival of adult Northern Spotted Owls on
11 dernographic siudy areas inn Washington, Oregon, and California,

Estimates were based on the best QAIC_ model that included the Barred Owl effect.

95% ClL

Study area AQALC, f s$E Lower  Upper
Washington

CLE 3.08 -0.815 1.009 -2.793 1.164

RAI 0.00 -5.330 1.960 -9.190 -1.490

OLY 1.17 -1.216 0.748 -2.082 0.250
Oregon

COA 9.48 -0.908 0.257 -1.A412 -0.405

HJA 2.24 -0.753 0.306 -1.352 0,153

TYE 9.78 0.062 0.332 -0.588 0.712

KLA 5.21 -0.469 0.655 -1.753 0.815

CAS 4.04 1.657 0.878 -0.062 3.378
California

NWC 1.98 -1.450 1.07% -3.566 0.660

HUP 1.81 -0.088 1.469 -3.567 2,190

GRD 0.00 -2.234 0.670 -3.547 4.921
Mean «1,104 0.514 -2.11 -0.097
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In the meta-analysis of apparent survival, the
second best model [@{g*t) p(g+s+t): RE{g+BO)]

study areas in explaining time variation in ¢.
Thus, there was strong evidence that Barred
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tion change (A) at the 11 study areas. Estimates
of goodness-of-fit (x*/df) of the capture-

lack of independence in capture histories
{Table 11),

POPULATION DEMOGRAPHY OF NORTHERN SPOTTED OWLS 43

| |
| RAI CAS
f 1.0 4 MLE 1.0 - i
| $-Tilde MLE
! S(BarredOwWl) | eeea ‘e SeTlide
1 — = — S(Barred Owl) ‘l
|
| 0.9 0.9} !
I —_— — 1
| :
; %
wn
| = 0.8 - £ 0.8 -‘
| @ g :
; « © |
| & & !
' < < .
! 0.7 0.7 :
|
0.6 , ; ——— 0.6 , — , : — |
1992 1994 1986 1998 2000 2002 2004 2006 1982 1994 1996 1998 2000 2002 2004 2006 :
Year Year
COA NWGC '
- 1- —
1.0 WLE 0 MLE
viasners S-Tllde IARRE ** §-Tilde
— == —  S(Barred Owl} — —— 5(Barred Owl)
0.9 1 037
2 g
& ®
z 0.8 g 0.8
g 5
2 g
= <
0.7 W 0.7 _1
0.6 D e T T T —r 1T 1 0'6 T T 7 - T T T 1
1992 1994 1996 1998 2000 2002 2004 2008 1992 1994 1996 1998 2000 2002 2004 2006 |
Year Year
5 toont]
Figure 8. Estimates of the Barred Owl effect (BO) an apparent survival of Northern Spotted Tguire 8. (continucd) j
Owls, Estimnates were generated from the best random effects model [p{g+t+B0Oj], plotted é
with original apparent survival estimates (MLE) and shrinkage estimates {S-tilde) for one
study area in Washington (RAT), two study areas in Oregon (CAS, COA), and one study area
in California (NWC). Study area effects are represented by g and annual time effects by 1. .
A . . Owls had a negative effect on apparent survival recapture data from program RELEASE ranged
Owls on survival of Spotted Owls was weak or  provided strong evidence that the presence of of Spotted Owls. from 0.69 to 3.02 for individual stud :
.. . . . ndividual stu
negligible for CLE, TYE, KLA, and HUP because  Barred Owls had a negative effect on apparent {Table 11}, and the overall estimate of E ;;‘;as
. . . . . 4 , estimate
confidence intervals on regression coefficients survival, as the 95% confidence interval on 3 for Annual Rate of Population Change all of the data combined 1.61 OP X>/ 0.1 o
. . . ed was 1. .
overlapped zero (Table 18). With the exception the Barred Owl effect did not overlap zero . indicati ( O},
‘ ' < Individual Study Areas indicating good fit of the data to the Cormaclke
of CLE, the latter areas were all in the southern {Table 15; Fig. 8). In addition, the g+BO model Jolly—Seber model. Estimates of & f b
. . e - . mates o
portion of the range of the Northern Spotted ranked higher than the g*¥BO model, indicating We used capture histories of 5,244 banded ter- median-¢ routine in program MARKI o g
. . , . ) range
Owl (Fig. 1). that the BO covariate was important across all ritorial owls to estimate annual rates of popula-  from 1.00 to 1.13 indicating little evidencegfor




The full sex- and time-specific model Q(s*t)
p(s*t) f(s*t) for estimation of A was not appro-
priate for most study areas based on muodel
selection with QAIC_. Therefore, we used the
time-only mode! @t) p(t) f(t) for estimating A
and temporal process variation for most study

during the study, based on 95% confidence
intervals for estimates of A that did not include
1.0 (Table 19, Fig. 9). Estimates of A for CLE and
RAT were especially low, suggesting population
declines of 6.3 and 7.1 % per year, respectively
(Table 19). Point estimates of A for the TYE,

R ——— LS

1.10 1

1.05

1.00 1

KLA, CAS, and HUP study areas all indicated
declining populations, but had 95% confidence
intervals that included 1.0 (Table 19). The
weighted mean estimate of A for all study areas
combined was 0.971 (SE = 0,007, 95% CI = 0.960
to 0.983), indicating that the average rate of pop-
ulation decline was 2.9% per year during the
study.

arcas (Table 19). The only exception was the
OLY study area, where there were differences in
@ between males and females. Estimates of A
ranged from 0.929 to 0.996 for the 11 study areas
and the time span of the estimates ranged from
12 to 16 years (Table 19). There was strong evi-
dence that populations on the CLE, RAI, OLY,
COA, HJA, NWC, and GDR study areas declined

TABLE 19 [
iad 7 Owls on
Estimates of . and temporal process standard deviarion (8 ol fcrr Nolrthern Spotted Owls
17 study areas in Washington, Oregon, and California.
Estimates of » were generated using the best random effects model; estimates of temporal variance are basej on
random effects madels (Means, T, or TT), using time-specific estimates of @, p, and k, except where noted.

Derived 95% CI 95% ClL
Study Years Model? A SE  Lower Upper O, o, LOWer Upper
-
Washington
CLEb 1994-2006  [o(th p(t) MO RE()  0.937 0014 0.910 0.964 0.0000 0.0000 0.0058
RAL 1995-2006  [¢() p(t) AB): RE{) 0929 0026 0877 0977 00048 ©.0000 0.0371
OIY 19922006 [g(s*Y) p(t) 10} RE(T) 0957 0020 0.918 0.997  0.0062 0.0000 0.0332
Oregon
COA 1994-2006  [g{t) p() iV} RE(T) 0966 0011 0.943 098 0.0007 0.0000 0.0080
HJA 1992-2006 [0t p() A1) RECCT)  0.977 0,010 0.957 0.99  0.0000 0.0000  0.0042
TYE 19922006 [o{t) p(t) fiY RE(TT) 0996 0020 0957 1.033 0.0012  0.0000 0.0087
KLA 1992-2006  [o() p{t) A8k RE() 0990 0.014 0962 1017 00019 0.0000 0.0102
CAS 1994-2006  [o(t) p(t) fIL]: RE() 0,982 0030 0923 1040 00105 0.0022 00421
California "
NWC 1990-2006  [e(§ pit) At} RE() 0.083 0.008 0968 0.998 00000 00000 0.0
HUP 19942006 je(t) p(t) 1)} RE() 0.089 0013 0963 1014 00000 00000 0.0012
GRD 19922006 [@(t) p(t) i) RE(TT}  0.972 0012 0.949 0.995 0.0014 0.0000 ©0.0076
Weighted mean for 8 monitoring areas 0972 0006 0958 0.985
Weighted mean for 3 non-monitoring areas 0,960 ¢.016 0938 1.000

Weighted mean for all areas 0971 0007 0960 0.983

- NS ) me

2 Best capture—recapture model structure from analysis of the g prioré model set. Mcdetnot%holf mdxcatf(:f Saﬁit;ﬂ: tfio;l:fif;crtlz (;fl 2;:15
ic ti ' " 1 , Fot linear and qua ,

{8, linear time trend (T, quadratic time trend (1T}, o1 constant (), or random effects {RE). Fo ql

A was computed using a mean-centered model, . - . .

b gandom effects model using the survival-recruitment parametertzation would not run on derived lambdas for CLE. Therefore,

used the survival-lambda fparameterization instead.
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Figure 9. Estimates of mean annual rate of population change (3\ wys)s with 959 confidence
intervals for Northern Spotted Owls in 11 study areas in Washingten, Oregon, and California,

Estimates of A werc derived paramcters ficm

the recruitment and survival parametorization

and the best random effects models based on the hest global model [either fity @(t) p(t) or
fis*ty @(s*) p(s*1)], where s and t represent sex and annual time changes, respectively.

Results of the variance components analyses
for each study area provided little evidence of
temporal process variation in A for most study
areas, relative to the magnitude of sampling
variation in estimates (Table 19). Estimates of
temporal process variation in A were highest for
the RAI, OLY, CAS, and NWC study areas, but
the only study area for which the 95% confi-
dence interval on ternporal variation did not
include zero was CAS (Table 19).

There was evidence that populations were
declining on five of the eight menitoring areas
{CLE, OLY, COA, HJA, NWC) based on 95%
confidence intervals for A that did not overlap
1.0. Point estimates of A for the remainder of
the study areas (TYE, KLA, CAS) were less than
one, but had confidence intervals that over-
lapped 1.0, so the evidence for declines on those
areas was weak. The weighted mean estimate of
M for the eight monitoring areas was 0.972 (SE =
0.006, 95% CI = 0.958 to 0.985), indicating an
estimated decline of 2.8% per year on federal

lands within the range of the owl. The weighted
mean estimate of A for the other three study
areas (RAI, GDR, HUP) was 0.969 {SE = 0.016,

95% CI = 0.938 to 1.000), indicating an esti-
mated decline of 3.196 per year on those areas.

Estimates of Realized Population Change

Estimates of realized population change indi-
cated that populations in Waghington and
northern Oregon (OLY, RAI, CLE, COA)
declined by 40 to 60% during our study
{Fig. 10A, B). There was also evidence that pop-
ulations on HJA,GDR, and NWC declined duz-
ing the same period, but the 95% confidence
intervals around the estimates of A, on the lat-
ter three areas slightly overlapped 1.0 (Fig. 10B,
C). Estimates of realized population change for
the rest of the study areas {CAS, TYE, KLA,
HUP} were all <1.0, but the 95% confidence
intervals around the estimates of A substan-
tially overlapped 1.0. Trends in populations for
each of the study areas were variable, and
declines, if any, occurred at different times on
different areas. For example, the decline on
HJA occurred primarily during 1992 to 1993
after a year of high reproductive success in 1992,
then the population declined about 10% during
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Figure 10, Estimates of realized population change, A,, with 95% confidence intervals for Northern Spotted

Owls at three study areas in Washingtor: (A), five study areas in Oregon (B}, and three study areas in
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Figure 10. (continued, for Northern Spotied Ouls in Qregon)

the ensuing decade. In contrast, the decline on
COA occurred after 2001 and continued through
2000 {Fig. 10B). Populations in Washington
(CLE, RAIL OLY) exhibited a long, gradual
decline after the mid-1990s, except that the pop-
ulation on RAI actually increased slightly after
2002 (Fig. 10A). Consequently, there was no evi-
dence for synchrony in timing of population
declines among the 11 study areas.

Meta-analysis of Annual Rate of
Population Change

Estimates of goodness-of-fit from program
RELEASE for individual study areas (Table 11)
indicated good fit of the data to the Cormack—
Jolly~Seber model for 21l study areas. In addi-
tion, the mean estimate of median-¢ from pro-
gram MARK was 1.06 with a range of 1.0 to0 1,17,
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Figure 10. {continued, for Northern Spotted Owls in. Oregon)

NW Califernia
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Figure 10. {continued, for Northern Spotted Owls in California)

indicating little evidence for overdispersion (i.c.,
lack of independence) in the capture-recapture
data. As a result, we did not use ¢ to adjust model
selection to QAIC,. or inflate variance estimates
of parameters.

The best a priori model in the meta-analysis
of & was RE (random effects) model ¢{ECO)
A{ECO), which indicated evidence of an effect
of ecoregion on ¢ and f (Table 20). Two compet-
ing random effects models had AAIC_ values

POPULATION DEMOGRAPHY OF NORTHERN SPOTTED OWLS 49




TABLE 20

Modz! selection results from meta-analysis of A for Northem Sposted Owis in Washington, Oregon, and California.

Model*

K
[plg* L) plg) fig*)} RE o(ECO + BO) RECO)* 500.85
(g™t} plg’t) Ag™t): RE (ECO + BO) ECO + BO)* 501.01
[wlg® t)p(g*t)ﬂg B RE ¢{ECO) RECO) 50144
lolg*t) plg*t) fgi]: RE ¢(ECO) AECO*BO)* 501,89
[o(g*t) plg*t) lg*}: RE ${ECO + BO) AECO) 501,53
[olg*y) plg*) Ag*t)]: RE ofg + BO) fiBO) 502,32
leolg™) plg*t) flgt)]: RE @(ECO) AECO -+ BOJ* 501.60
[olg*t) plg*t fig )] RE ¢(ECO) JOWN + ECO) 501.94
[elg™t) ple*t) flgt)]: RE {ECO*BO) AECO*BOJ* 502.36
[e(g*t) plg*t) flg"t)}: RE ¢(g + BO) flg + BO) 502.63
p(g"t) ple*t) Rg 0l RE ¢fg + BO) flg*BO) 503.37
[o(g*t) plg*t) flg*t)l: RE (g) fig) 503.35
[o(g*0 ple*t) fig*t)]: RE ¢(g) Ag + TT) 503.76
[e(g*t) plg*t) fig*t]: RE o(g -+ PDSI) fig + ENP + ENT) 503.73
[e(g*1) plg*y) fig™s]: RE ¢(g) flg + T) 503.62
[e(e*t) plg*t) flg*t)l: RE g{g + PDSI) flg + LNP) 503.79
[e(g*t) plg*t Ag*U)]: RE ofg + PDSI) fig + PDS]) 503.78
[elg*t) ple7t) Ag*)]: RE o(g + PD3I) flg + 5C + PDO) 503.83
[e(g™) pig*t) gt RE o(g) fg*T) 505.03
[oig*t) plg*t flg*t]: RE o(g*T) fg) 504.13
lo(g*) plz*) Az + O] 395,00
lolg*t) plg™d fig*t]: RE ¢(g + PDSI) fg"LNF) 505.93
lolg™) ple™) gt RE elg + PDSI) flg"PDS]) 505.89
leig™) pie*t) fle*t): RE ¢(g) fig*TT) 508.04
[e{g™) plg™t) g t)}: RE o{g + PDSI) figENP + gENT) 508.44
[e(g*) p{g™ Mg+t RE (g + PDSI) figkSO1L + g*PDO) 508.52

lo(g*t) p(g*t) Ag*]: RE o{g*HAB2Y flg + HAB2 + HAB3) 518.79
[q:(g"‘”t (g*) fig*y)]: RE ¢(g*HAB2) flgtHAB3) 520,17
[p(g"th p{ g*t ) gt RE ¢(g) 324.84
lolgt) p(t flgV]: RE ofg*HAB?) flg*HAB2 + g*HAB3)  521.38
lo(g*t} plg™) flg™0): RE o(g¥IT) 527.03
[o{g*t) p(e*) fig*t)]: RE ¢(ECO) 527.08
[plg*t) plg*t) fig]: RE ¢(g + BO) 527.35
ielg™) plg*t) Agel: RE o{grHAB2) fig + HAB2) 527.19
[s(g*) plg*t) Agt)]: RE (g + PDSI) 528.95

Deviance AIC, AAIC, w
1792451 60,812.29

17,924.65 60,812.76

17,924.22 60,813.25 0.00 0.302
17,923.45 60,813.43

17,924.33  60,813.54

17,922,77 60,813.64 039 0.248
17,924.37 60,813.73

17,92441 6081449 124 0162
17,923.74 60,814.69

17,925.46 60,816.98 3.73  0.047
17,024.01 60,817.08 3.83  0.044
17,925.06 60,818.09 4.84 0,027
17,924.24 60,818.14 4.89 0.026
17,02459 60,818.43 518  0.023
17,92493 60,818.54 529 0,021
17,024.85 60,818.82 556  0.019
1792491 60,81885 559 0018
17,924,890 60,818.94 5,69 0.018
17,022.98 60,819.55 630 0013
17,924.99 60,819.66  6.41 0.012
18,154.00 60,820.54 7.29 0.008
17,923.27 60,821.73 848 0.004
17,923.37 60,821.76  8.51 0.004
17,919.98 60,822.88 9.63 0,002
17,921.51 60,825.24 11,99 0.001
17,922.20 6082611 12.86 0000
17,914.06 60,839.59 2633 0.000
17,912.94 60,841.36 2811 0,000
17004.03 60,842.29 29.04 0.000
17,911.71 60,842.68 29.43  0.000
17,903.49 60,846.36 3311 0.000
17,004.21 60,847.17 33.92  0.000
17,004.03 60,847.56 3431  0.000
17,007.03 60,850.23 3698 0.000
17,004.03 60,85095 37.70  0.000

TABLE 20 (continued)

TABLE 20 {cONTINUED}

Model?

K Deviance AIC AAIC, w;

[

[e(g*t) p{g*t) flg*1)]: RE ¢(BO)
[p(gt) p(e*t) flg™t)]: RE ¢(OWN + ECO)
(elg™t) plg*t) flg*t): RE o(LAT)
[elg*t) plg*t) Ag*D): RE o(g + T)
[e{e™t) plg™n flg*t)]: RE o(OWN)
[e(g™) p(e*t) g y]: RE o(g*PDSI)
fe(g*t) plg*t) flg*t)): RE (g + SOL + PDO)
[o(g*t) p{g*t) fig*)]: RE ¢{g*T)
[e{g™) p(g*t)ﬂg*t 1: RE ¢(g*BO)

le{g*t) plg*t) Ag*t)]: RE ¢{g + ENP + ENT)
[e(g*t) p(e*t) flg*t)): RE ¢(g*SOL + g+PDO)
[e(g*t} plg*t) fig*)l: RE o{g*HAB2)
[#(g*1) plg*) Rg*v)]: RE o(g*ENP + g*ENT)
lelg™) p(g*t) fAg")I:RE (g + HABZ)
[¢(g*t) p(g*t) Ag™t)]: RE (g + TT)
o{g*t) pig*t) Agt)

529.32 17,904.28 60,851,996 3871 0.000
529.40 17,904.12 6085197 3872 0.000
529.38 17,904.29 60,852.10 38.85 0.000
529.60 17,904.03 60,852.30 39.04 0.000
529.62 17,904.24 60,852.56 3931 0.000
530.40 1790410 60,854.05 4080 0.000
529.80 17,905.65 60,854.35 41.09 0.000
530.78 17,903.78 60,854.54 41.28 0.000
530.80 17,903.91 60,854.72 4146  0.000
530.11 17,905.61 60,854.95 4170 0.000
531.57 17,903.55 60,855.99 4273 0.000
53150 17,904.29 60,856.57 43.32 0.000
531.84 1790515 60,858.14 4489 0.000
534.12 17,902.83 60,860.63 47.38 0.000
529.39 1791296 60,860.79 47.54 0.000
542.00 17,922.47 60,896.89 83.64 0.000

nami: Model form was the survival and recruitment parameterization, Notation for random cffects {RE) models includes the gencral
molel on which the random effects model is based (g = study area, = time varying). Models ending with asterisks were developed a2
posteriori after seeing the results of the original medeling. Inferences were based on the models in the original a priori model set.

* Model notation indicates structure for study area (g), time (1), linear time trend (T), quacratic time trend (TT), ccoregion (ECO), land
ownership (CWN}, proportion of territories with Barred Owl detections (BO), early nesting season precipitation (ENP), early nesting
season temperaturc (ENT), lute nesting season precipitation {LNP), late nesling season temperature (LNT), Palmer Drought Severity
Index (PDSI], percent cover of suitable owl habitat within a 2.4 km radius of owl activity centers (HAB2), percent cover of suitable owl
habilat within 23 km of owl activity centers, minus the area within 2.4 km of owl activity centers (HAB3), latitude {LAT}, Southern

Oscillation Index (SOT}, and Pacific Decadal Oscillation (PDO).

<20, one of which indicated evidence of a Barred
Owl elfect on @ and f [p(g+BO) f(BO)|, and
one [@(ECO) f(ECO-+OWN)] that indicated dif-
ferences in recruitment among differen: land
ownership categories {Table 20). The 95% confi-
dence interval for the effects of ownetship on f
in the latter model included zero, indicating lit-
tle evidence of an effect of ownership on recruit-
ment (Table 21). Therefore, model selection
results for the top two models [p{ECO} f{ECO)

and @(g+BO) f(BO)] indicated the most support
for models that included Barred Owls (BO) and
‘ecoregions (ECO). Estimates of apparent sur-

vival from the best a priori model were highest

for the Oregon Coast Douglas-fir ecoregion and

lowest for the Washington Mixed-conifer ecore-

gion (Fig. 11). Recruitment was highest in

the Oregon/California Mixed-conifer ecoregion

{f = 0.145, SE = 0.020), but similar among the
other ecoregions (Fig. 11). The low estimates of
Afor the Washington Douglas-fir and Washington
Mixed-conifer ecoregions were a result of both
low apparent gurvival and low recruitment. In
contrast, the Oregon/California Mixed-conifer
region had the highest estimate of A, which was
a resudt of high recruitment and intermediate
survival rates. Values of ¢, f, and A were
intermediate for the other ecoregions.

Slope coefficients for the Barred Owl effect
in the random effects (RE) model p(g+BO) p{g*t)
J(BO) were negatively associated with apparent
survival and recruitment, although the 95% con-
fidence interval for the effect of Barred Owls on
recruitment included zero (Table 21). There was
some evidence [or differences in apparent sur-
vival among different land ownetship categories
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TABLE 21

Cogfficlent estimates {P) for the best models that included effects of Barred Owls,
land ownership, climate, habitat, or latitude in the meta-analysis of A for 11

stucly areas jn Washington, Oregon, and Calffornia,

14 ® Apparent Survival © Recruitment ¥Lambda 4
=
@ 1.2 12
£
2
R e e R Sl G Ay 0
o
g = ¢ o3
8 0.8 F 0.8
= 3
= <
Z 0.5 - - 0.8
F
”n
i
§ 0.4 0.4
L
a,
<n. 0.2 - % Q.2
0.0 T T ‘ T T T 0.0
& o & s i o
R Q T N [~] <
() 2 & & b o
& & & & 4 &
Q & Q 9 & 9
§ SO § 5
5 & & & g ©
£ 3 [} o &
o & < & N
() ) o
03 = & o v
& & & & £
2 & 3 &
o & &
© &

Ecoregion

Figure 11. Point estimates and 95% confidence limits of apparent survival, recruitment, and
A of Morthern Spotted Owls in different ecoregions based on the beet @ priori model from
the meta-analysis of 11 study areas [RE ¢(ECO) RECO)].

Survival Recruitment
95% CI 95% CI

Covariate? B SE Lowcr  Upper f SE Lower  Upper
BO -0,116  0.043 -0.200  -0.032 0023 0.037 -0.096 0.050
Ownership

Federal 0.869 0.020 0.829 0.908 0.098 0.020 0,058 0.137

(intercept)

Non-federal 0.023 0,022 -0.020 0.067 0,027 0.023 -0.073 0.019

Mixed 0.002 0013 -0.023 0.027 0,002 0.013 -0.028 0.024
Climate

ENP 0.007  0.007 -0.006 0.021 0.012  0.007 -0.002 0.026

ENT 0.000  0.000 0.000 0.000 0.000 0.000 -0.001 0.000

LNP na 0.000 0.001 -0.002 0.002

PDSI 0.002 0002 -0.002 0.006 -0.001  0.002 -0.006 0.004

501 0.007  0.008 -1.009 0.023 -0.010 0.009 -0.027 0.007

PDO 0.017  0.008 0.000 0.033 -0.001  0.009 -0.018 0.017
Habitat

HAB2 0.559%  0.285 0.001 1.117

HAB3 -0.688 0.303 -1.282 -0.093

HAB2-CAS 0.602 1291 -1.928 3131

HAB2-HJA 6.851 4117 1218 14.921

HAB2-KLA 0477 1.060 -2.554 1.600

HAB2-OLY 3,749 16,270 -35.638 28141

HAB2-RAL 0470 0342 -1.141 0.202

HAB2-CLE 1.143 1,004 -0.824 3.111

HABZ-COA 1.155 0922  -0.651 2962

HABZ-TYE 0763 0671 0534  2.079

LAT -0,002  0.002 -0.007 0.002

4 Cyvariates included proportion of territories with Barred Owl detegtiqns {BO), early nestm.g seasotn prliclp]lta(;lon éEl;I\;‘II’),
early nesting season temperature (ENT), late mesting season precipitation (LNF), Palme.r Dlought]fe]‘;.eury 1;1 lex ( - kI)I,l
Southem Oscillation Index({SCT), Pacific Decadal Oscillation (P10, percent cover of syltable owldi'; m}at wi én a2 t- 1
radius of owl activity centers {HAB2), forest habitat in the ring between HAB2 and a circle defined by the median natal

dispersal distance {23 kmj (FHAB3), and latitude (LAT).

but the differences were minor, and the best
model that included the ownership covariate
ranked far below the top model {AAIC, = 38.72;
Table 20}. There was no evidence that latitude or
habitat within the study area (HAB2) had an

effect on apparent survival, but there was evi-
dence that apparent survival was positively
related to the Pacific Decadal Oscillation {§ =
0.017, 95% CI = 0.0002 to 0.033, Table 21}, which
was consistent with our prediction. Other
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climate covariates explained little of the varia-
tion in apparent survival rates {Table 21). Lacl of
evidence of an effect of habitat and weathet on
apparent survival may represent a true absence
of an effect, but we cannot rule out the possibil-
ity that the lack of an effect resulted from the
covariates being computed at too coarse a scale,
or bécause the definitions we used to map habi-
tat did not accurately reflect suitable habitat.
Examination of the relationship between
recruitment and ownership indicated a weak
effect, with slightly higher recruitment on fed-
eral lands (|§ = (.098, 95% CI = 0.058 to 0.137)
than on mixed federal-private and private lands
(Table 21). Although habitat covariates did not
appear in any of the top models in the meta-
analysis of b, examination of the best models that
included habitat covariates provided evidence
that the percent of the study area covered by
suitable owl habitat had a positive effect on

recruitment (covariate HAB2 in Table 21). In
contrast, recruitment was negatively related to
the percent of the area surrounding the study
area that was covered by suitable owl habitat {cov-
ariate HAB3 in Table 21). Our results may reflect
an interaction or synergistic relationship between
recruitment and the percent cover of suitable owl
habitat within versus surrounding the study
areas on federal lands compared to other land
ownerships. We did not include such models in
our g priori model set, so these relationships
should be investigated in more detail in future
analyses. There was no evidence that recruitment
was influenced by any of our weather or climate
covariates as all 95% confidence intervals for
these covariates included zero (Table 21).

Plots of year-specific estimates of ¢, and f
indicated considerable temporal and spatial
variation, which produced high temporal and
spatial variation in A (Fig. 12). For example, all
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Figure 12. Estimates of apparent survival, recruitment, and  of Northern Spotied Owls based on the
most general madel [{g*t) fig*Y) from the meta-analysis of three study areas in Washington (A), five
study areas in Oregon (B), and three study areas in California (C). Vertical bars indicate 95% confidence
limits, and g and t represent study area and annual time effects, respectively.
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Figure 12. {continued, for study areas in Oregon)

three parameters (g,, f,, &) exhibited considera-
ble variation in Washington where owl popula-
tions were declining the most {Fig. 124), but
less variation in most of the other study areas.
Temporal variation in ©, was paralleled by tem-
poral variation in A, for most study areas (OLY,
CLE, COA, HJA, TYE, KLA, NWC, HUP, GDR),
suggesting that changes in A, were influenced
primarily by changes in survival. However, this
pattern was not as evident for RAI and CAS
during all years, and there was evidence that
recruitment had a substantial influence on A, in
those two areas, particularly during years when
X, increased noticeably. In addition, estimated
recruitment was essentially zero in some years
on the RAJ, OLY, and CAS study areas, which
resulted in noticeable declines in A,, since ¢ was
always <{1.0. Overall, the high temporal varia-
tion in the annual rate of population change of
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Spotted Owls was clogely associated with appar-
ent survival rates in most cases and with recruit-
ment in a few cages.

DISCUSSION

The Northern Spotted Owl has been the “poster
child” for conservation of old-growth and mature
forests on federal lands in the Pacific Northwest
and has served as an “umbrella species” {Roberge
and Anpelstam 2004) for conservation of other
species associated with old forests (USDA Forest
Service and USDI Bureau of Land Management
1994). Asg a result, numerous conservation plans
have addressed the habitat needs of Spotted Owls
on federal lands. 1n conjunction with the listing
of the subspecies as threatened in 1990, the Inter-
agency Scientific Comumittee (ISC) developed and
published the first comprehensive conservation
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plan for the Northern Spotted Owl (Thomas et al.
1990). The 1SC plan called for the conservation of
an unprecedented amount of old forest in large
regerves thal were spaced within 19.2 km of each
other and large enough o support 20 to 25 pairs
of territorial owls. The ISC conservation strategy
was the framework, with minor modifications,
for the first draft final recovery plan for the
Northern Spotted Owl (USDI Fish and Wildlife
Service 1992), and also served as a model for the
networle of old forest reserves that eventually
became the Northwest Forest Plan for manage-
ment of all federal lands within the geographic
range of the subspecies (USDA Forest Service
and USDI Bureau of Land Management 1994),
The Northwest Forest Plan served as the de
Jacko recovery plan for the Northern Spotted Owl
for approximately 14 vears during which time
there was no approved recovery plan for the owl.
The situation changed in 2008, when the U.S.
Fish and Wildlife Service published a final recov-
ery plan for the Northern Spotted Owl (USDI
Fish and Wildlife Service 2008). The 2008 recov-
ery plan included a much-reduced network of
old forest reserves compared to the Northwest
Forest Plan, and the approach laid out in the
recovery plan was criticized by three professional
societies concerned about the recovery of the owl
(e.g., Wildlife Society 2008). The U.S. Depart-
ment of Justice subsequently declined to defend
the 2008 recovery plan, and it was remanded to
the Fish and Wildlife Service with instructions
that they address the deficiencies noted by their
critics. At this writing, the Fish and Wildlife
Service is working on a revision of the 2008 plan,
but the situation is still unresolved,

Because the Northern Spotted Owl is federally
listed as “Threatened” under the Endangered
Species Act (USDI Fish and Wildlife Service
1990}, and is the focus of many forest manage-
ment practices that have been implemented in
recent years in the Pacific Northwest, results of
our study will be of interest to a number of stake-
holders, including state and federal government
agencies, conservation groups, private industry,
and the public. Consequently, it is important o
ask: What is our frame of reference and what
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kind of inferences can we make from the results
of our study? From a statistical standpoint, a for-
mal inference can be made from the sample of
marked and recaptured owls to the population of
owls in the study areas in which the marked owls
were located. Our 11 study areas covered a large
portion of the subspecies’ geographic range and
included substantial variation in Iatitude, eleva-
tion, and land ownership {Appendix A}, but they
wete not selected randomly. Consequently, the
results of our analyses cannot be considered rep-
resentative of demographic trends of Northern
Spotted Owls throughout their entire range. For
example, there were no study areas in the exten-
sive areas of state and private lands in northwest-
ern Oregon and southwestern Washington or in
the California Cascades. However, we believe
that our results are representative of most popu-
lations of Northern Spotted Owls in the Pacific
Northwest that are on federal lands or in areas of
mixed federal and private ownership. We do not
think that our results can be used to assess
demographic trends of Spotted Owls on non-
federal lands because the two study areas in our
sample that were entirely on non-federal lands
(GDR, HUP) were atypical. Both the Green Dia-
mond Resource Company and the Hoopa 'Tribe
managed their lands to protect known Spotted
Owl nest areas and to maintain at least part of
their lands in suitable foraging habitat for Spot-
ted Owls. Such practices are not universal on
private and state lands. If anything, our results
probably depict an optimistic view of the overall
population status of the Northern Spotted Owl.
This study is the fifth meta-analysis of demo-
graphic data from Northern Spotted Owls
{Anderson and Burnham 1992, Burnham et al.
1996, Franklin et al. 1999, Anthony et al. 2006);
however, only two of these efforts were pub-
lished as refereed journal articles {Burnham
et al. 1996, Anthony et al. 2006}, The other arti-
cles are not readily available, so we will concen-
trate our discussion on the two published arti-
cles. The second meta-analysis of demographic
rates of Northern Spotted Owls was conducted
in 1993 and included 11 study areas (Burnham
et al. 1996, Forsman et al. 1996a). The three

major findings of the second analysis were: (1)
Fecundity rates varied among years and ages of
owls, with no increasing or decreasing trend
over time; (2) survival rates were dependent on
age and there was a decreasing trend in adult
female survival; (3) the annual rate of popula-
tion change (A} was <1.0 for 10 of 11 areas
examined, and the estimated average rate of
population decline was 4.5% per year (Burnham
et al. 1996). Resulis of the first three meta-
analyses of demography of Northern Spotted
Owls were critiqued by Raphael et al. {1996) and
Boyce et al. (2005), who questioned the esti-
mates of annual rate of population change from
Leslie matrix models (A,,,), primarily because
estimates of juvenile survival from capture—
recapture methods were biased by permanent
emigration during natal dispersal. Anthony
et al. (2006) avoided this problem by using the
Pradel (1996) model, which estimates the annual
finite rate of population change {Agys) of territo-

rial owls without inclusion of juvenile survival

rates. In addition, the Pradel (1996) model treats

losses due to emigration and mortality and

gains due to recruitment and survival in a sym-

metric way, so it is less subject to biases in the

estimate of A. For more information on this

topic, see Anthony et al. (2006), and for a review

of the differences between Apys and Apjgr €€

Sandercock and Beissinger (2002).

The most important findings in the Anthony
et al. (2006) report were: (1) Fecundity was rela-
tively stable among the 14 study areas examined,
(2) survival rates were declining on 5 of the 14
areas, and (3] populations were declining on 9
of 13 study areas for which there was adequate
data to estimate A. The mean A, for the 13 areas
was 0.963, which indicated that populations
were declining 3.7% annually during the study
(Anthony et al. 2006:34). The reasons for
declines in Spotted Owl populations in their
study were not readily apparent. Therefore,
Anthony et al. (2006) recommended the use of
additional covariates in future analyses to evalu-
ate the possible influence of Barred Owls,
weather, habitat, and reproduction on vital rates
and population trends of Spotted Owls.

Fecundity

The results from our analysis of fecundity were
consistent with previous analyses in that we
found substantial annual variation in fecundity
on individual study areas and a biennial cycle of
high fecundity in even-numbered years and low
fecundity in odd-numbered years {Burnham
etal. 1996, Anthony et al. 2006). The cause of this
synchronization remains unknown. One hypoth-
esis for alternate year breeding in long:lived spe-
cies that require many months to produce a sin-
gle brood is that reproduction every year is
physically impossible because of the large invest-
ment of time and energy required to produce a
single brood. A hypothesis of intermittent breed-
ing makes sense for some long-lived alternate
year breeders such as Albatross (Diomeden exu-
lans, Phoebetria fusca, P. palpebrata), which have
to travel huge distances for many months in
order to provision a single young (Tickell 1968,
Weimerskirch et al. 1987). Although Spotted
Owls also invest many months to produce a sin-
gle brood (Mar-Aug), there is considerable varia-
tion among individuals regarding the alternate
year pattern of hreeding. In some of our study
areas, the majority of owls nested every other
year, but there were a few pairs that nested in
nearly all years, and there were many that did not
follow a predictable pattern. We conclude that
breeding in the Spotted Owl iz a complex interac-
tion between age, prey abundance, weather, indi-
vidual variation, and territory quality, However,
none of these factors are known to Auctuate on a
two-year cycle on our study areas, and prey cycles
observed in other studies generally suggest cycles
of three years or longer (Korpimaki 1992).
Another hypothesis is that the likelihood of
breeding is somehow influenced by the molt,
which in Spotted Owls is characterized by an
alternate year molt of the remiges and rectrices
(Forsman 1981). The molt hypothesis seems
unlikely, however, as no evidence indicates that
the molt was synchronized within the owl popu-
lations. The molt hypothesis also does not explain
the fact that the even—odd year effect became less
evident in the last five years of our study,
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Another consistent effect across study areas
was variation in fecundity by age class. Fecundity
was higher for adults than for 1-yr-olds, and 2-yr-
olds were intermediate. A pattern of increasing
fecundity with age is typical in birds
(Clutton-Brock 1988, Saether 1990), and, in the
case of territorial predators like Spotted Owls,
probably reflects increased experience and famil-
farity with a territory and a long-term mate. Spot-
ted Owls in the 1-and 2-yr-old age classes typically
comprised <10% of the territorial population, so
they contributed little to annual reproduction
compared to adults. Age effects were not unex-
pected and have been well documented in previ-
ous studies of Northern Spotted Owls (Burnham
et al. 1996, Anthony et al. 2006), California Spot-
ted Owls (S. o. occidentalis; Blakesley et al. 2001),
and Mexican Spotted Owls (S. o. lucida; Seamans
et al. 1999, 2001), and are typical of longlived
birds in general (Newton 1989). Compared to the
previous meta-analysis of Northern Spotted Owls

{Anthony et al. 2006), the addition of five years of
data resuited in slightly lower mean fecundity
across study areas for adults (¥ = 0.340 vs. 0.372)
and 2-yr-olds (¥ = 0.195 vs. 0.208), but slightly
higher fecundity for 1-yr-olds (¥ = 0.103 vs. 0.074).
However, our fecundity estimates were still well
within the range of values reported on the same
study areas during 1985 to 1994 (Burnham et al.
1996). Our results suggested that fecundity was
declining in five areas (CLE, KLA, CAS, NWC,
GDR}, stable in three areas (OLY, TYE, HUP),
and increasing in three areas (RAI, COA, HJA).
Civen the variation in trends among study areas,
it was not surprising that the best or competitive
models in the meta-analyses of fecundity did not
include time trends in fecundity. Our results also
were in contrast to a previous analysis in which
fecundity appeared to be declining in only two
study areas in Washington {Anthony et al. 2006).
In our analysis of individual study areas, there
was evidence that the proportion of Spotted Owl
territories with detections of Barred Owls had a
negative effect on fecundity in four study areas
(COA, KLA, CAS, GDR) and an unexpected pos-
itive effect on fecundity in one area (HJA). The
high frequency of study areas with little evidence

of effects of Barred Owls on fecundity did not
support our hypothesis of competitive interac-
tions, but findings of negative effects of Barred
Owls on some study ateas were in contrast to
Anthony et al. (2006), who found little evidence
of a Barred Owl effect on fecundity. In addition,
there was weak evidence for a negative effect of
Barred Owls on fecundity in both of our meta-
analyses of fecundity. One explanation for the
relatively weak effect of Barred Owls on fecun-
dity in studies such as ours is that Barred Owls
may simply displace Spotted Owls from their
territories. When this happens, Spotted Owls
enter the non-etritorial population, where they
are non-breeders and less detectable using the
calling surveys used to sample territorial owls
{Kelly 2001). Under this scenario, Spotted Owls
that are not displaced may continue to breed at
levels similar to historic levels, but the net effect
of Barred Owls on fecundity is to reduce the total
number of young Spotted Owls produced. Dis-
placement of territorial Spotted Owls hy Barred
Owls may explain seemingly counterintuitive
results such as the positive beta associated with
the BO covariate in the analysis of fecundity on
the HJA study area. In this situation, the Spotted
Owls that are monitored are mostly the ones not
displaced by Barred Owls, and are likely to be the
oldest and most experienced owls. In addition,
detections of Barred Owls were more frequent in
our study areas in Washington and Oregon, so
we did not expect the effects of Barred Owls to
be as strong in California.

While clirate and weather covariates explained
tittle of the variation in fecundity in the meta-
analysis, there was some support for climate or
weather effects in the analyses of individual study
areas. For example, there was evidence that low
ternperatures during the early nesting season
had negative effects on fecundity in three study
areas (RAL COA, CAS) and had a positive effect
on fecundity in one area (HUP). There was also
evidence that high precipitation during the early
nesting season had negative effects on fecundity
in three study areas (CLE, KLA, NWC). Based on
a territory-specific study of Spotted Owls on the
TYE study area, Olson et al. (2004) also found

60 STUDIES IN AVIAN BIOLOGY NO. 40 Fersman et al,

evidence for a negative effect of precipitation dur-
ing the early nesting season on fecundity in 1988
to 1999. Cold, wet weather during the incubation,
brooding, and early fledgling stages has been
reported to be a direct cause of egg and chick
mortality through chilling and exposure in Per-
egrine Falcons {Falco peregrinus; Olsen and Olsen
1989, Bradley et al. 1997) and Australian Brown
Falcons (F. berigora; McDonald et al. 2004). We
also observed mortality in cases where recently
fledged owlets died from exposure during unsea-
sonal periods of cold, snowy weather in late May
ot early June, However, it is unclear if the effect
of precipitation on fecundity is due primarily to
direct loss of eggs or juveniles from exposure,
effects on prey abundance or availability, or
reduced foraging efficiency of adults (Franklin
et al, 2000). Most likely, the effect is due to a com-
bination of all of these factors. Studies of corti-
costerone levels show that inclement weather can
lead to increased stress among adult birds in
Darleeyed Juncos (Junco hyemalis; Rogers et al.

1983), Storm Petrels (Pelecanoides wrinatrix;

Smith et al. 1994), Lapland Longspurs (Calcarius

lapponicus; Astheimer et al, 1995), White-crowned

Spartows {Zonotrichia levcophrys; Wingtield et al.

1983), and male Song Sparrows {Melospiza melo-

din; Wingfield 1985). However, some studies also

suggest that only unusually severe weather actu-
ally results in stress levels high enough to cause
birds to forego nesting or to fail after starting to
nest {Romero et al. 2000).

Dugger et al. (2005) suggested that a negative
relationship between fecundity of Spotted Owls
and mean precipitation in the previous winter
could reflect climate effects on prey abundance
andfor availability. Few studies have linked ahun-
dance or availability of Spotted Owl prey ‘o
weather conditions, but Lehmkubhl et al. {2006b)
reported that annual survival of northern flying
squirrels (Glaucomys sabrinus) was nepatively
associated with snow depth. Fecundity of Spot-
ted Owls could also be influenced by prey abun-
dance. Rosenberg et al. {2003} reported a positive
cotrelation between fecundity of Northern Spot-
ted Owls and abundance of deer mice (Peromy-
scus maniculatus) during the nesting season over

an eightyear period on the HJA study area. How-
ever, deer mice were not the most important prey
in the diet on the HJA study area (<10% of prey
numbers), go it was unclear if the correlation
between owl fecundity and deer mouse numbers
was a causal relationship. Similarly, Ward and
Block {1995) documented a year of high repro-
duction by Mexican Spotted Owls (5. o, lucida)
that occurred in conjunction with an eruption of
white-footed mice (P. leucopus) in southern New
Mexico. Although the data are limited for Spot-
ted Owls, annual variation in prey abundance
has strong effects on fecundity of most raptors in
northern latitudes, including such diverse spe-
cies as Tenpmalm’s Owl (Aegolius funercus;
Korpimiki 1992, Hakkarainen etal. 1997), Golden
Eagle (Aquila chrysaetos; Steenhof et al. 1997),

Greathorned Owl (Bubo virginionus; Rohner

1996), and Northern Goshawk (Accipiter gentilis;

Salafsky et al. 2005), We suspect, therefore, that
we will continue to have difficulty modeling

annual variation in fecundity of Northern Spot-

ted Owls without long-term information on the

abundance of prey that make up the majority of
their diet, especially 8ying squirrels, woodrats

{Neotoma spp.), red-backed volcs (Myodes spp.),

deer mice, tree voles [Arborimus spp.), and lago-

morphs (Lepus americanus, Sylvilagus spp.).

In Washington and Oregon, the habitat covari-
ate was included in either a top fecundity model
or a competitive model in seven of the eight
study areas. There was strong evidence for a pos-
itive effect of the amount of habitat on fecundity
in four study areas (COA, HJA, TYE, CAS), and
a negative effect of habitat on fecundity in one
area (KLA). We cannot discount the possibility
that the absence of a strong effect of habitat on
fecundity in all study areas was because ocur hab-
itat covariate was too simplistic. Other habitat
features such as the amount of edge, mean patch
gize, or amnount of interior forest habitat may be
important to Spotied Owls (Franklin et al. 2000,
Olson et al. 2004, Dupger et al. 2005), and these
variables were not readily available for all of our
study areas. Also, in a previous territory-specific
study on the NWC study area, Franklin et al.
{2000) found that fecundity of Spotted Owls was
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negatively associated with the amount of interior
forest and positively associated with the amount
of edge, whereas adult survival was positively
associated with the amount of interior old-
growth forest and with the amount of edge.
Based on these findings, Franklin et al. (2000}
postulated that “habitat fitness” for Spotted Owls
was greatest in areas that included large amounts
of interior mature and old-growth forest, but
with considerable amounts of edge as well. How-
ever, evidence for a positive effect of edge on
fecundity of Spotted Owls is not consistent
across the range of the subspecies. For example,
Dugger et al. (2005) found a positive relationship
between fecundity and the percent cover of old
forest within a 730-m-radius circle of Spotted
Owl activity centers in southern Oregon but
found no evidence that fecundity was positively
associated with the amount of edge. Whether
spatially explicit covariates such as the amount
of edge or amount of interior old forest could be
useful or meaningful in a study-area—specific
analysis or in a meta-analysis of multiple study
areas is questionable but should be explored.
The meta-analysis of adult fecundity also
indicated differences among ecoregions and
substantial annual variability with no apparent
time trend. Qur resulis were virtually identical
to those reported by Anthony et al. (2006},
including the high fecundity of Spotted Owls in
the Washington Mixed-conifer ecoregion com-
pared to all other regions. There was also some
evidence for an effect of habitat and presence of
Barred Owls on fecundity, but in both cases the
confidence intervals for the regression coefli-
cients overlapped zero. The lack of a strong sig-
nal regarding the effects of habitat and Barred
Owls on fecundity in the meta-analysis was not
surprising considering the high variation
among study areas regarding the importance of
the habitat and the highly variable number of
detections of Barred Owls among study areas
{Appendix B). The meta-analysis also provided
little evidence that ownership, climate, or
weather had strong effects on fecundity.
We did not monitor prey abundance on all
our study areas, but some lines of evidence sug-

gest that the high fecundity of Spotted Owls on
the east slope of the Cascades in Washington
could be due to particularly high abundance or
availability of preferred prey such as flying
squirrels and woodrats {Lehmkuhl et al. 2006a,
b). In addition, the understory shrub layer in
forests on the east slope of the Cascades tends
to be less dense than in forests in western
Washington and Oregon, which may make it
caster for Spotted Owls to capture prey in for-
ests on the east slope. Tests of the prey abun-
dance and availability hypotheses will likely
prove difficult, but one obvious need is to initi-
ate studies to better evaluate annual variation
in the total biomass of prey available to Spotted
Owls in different study areas.

We identified three major difficulties in the
approach we used to model fecundity in the
present analysis and previous meta-analyses.
First, it was difficult to establish the effects of
other variables in the presence of the strong
even—odd year fluctuations in fecundity during
the 1990s. If no adjustment is made for these
even-odd year effects, the residual variation is
large and negatively auto-correlated over time,
which overwhelms the effects of any other cov-
ariate. In addition, because the even—odd year
effect started to dissipate after about 2000, mod-
cls that included the even—odd year effect had
large residuals, which in turn made it difficult
to detect the effects of other covariates.

Second, some of our covariates were highly
correlated and in many cases also reflected time
variation. For example, the BO covariate was neg-
atively correlated with temporal trends because
the proportion of territories on which Barred
Owls were detected increased on most study
areas over time {Appendix B). The habitat covari-
ate was also somewhat correlated with time
because it mainly reflected habitat loss over time.

Finally, some of the covariates we investigated
were likely influential at the level of the individ-
ual territory, but in this analysis we modeled
average effect across populations {study areas}.
For example, habitat and Barred Owls may have
a strong effect on fecundity of individuals, but
this could be masked by using yearly averages,
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particularly in conjunction with the sirong
annual variation in fecundity chserved in our
study. The above problems are likely to be
present in any study of a species with a cyclic
pattern of fecundity or with highly correlated
covariates. There is no easy solution to these
problems, except to recognize that they occur,
and to avoid the inclusion of highly correlated
covariates in the same models.

Apparent Survival

Annual recapture probabilities of territorial
Spotted Owls in our study areas generally ranped
from 0.70 to 0.90, within the range of estimates
reported in previous studies of Spotted Owls
{Burnham et al. 1996, Anthony et al. 2006). With
the exception of one study area (OLY}, our results
indicated that male and female Spotted Owls
had similar survival rates. Studies of Ural Owls
(Strisz uralensis; Saurola 2003) and Tawny
Owls (S. aluco; Karell et al. 2009) also indicated
no gender differences in survival of these spe-
cies as well {but see Millon et al. 2009). Gender
differences in survival of birds have been attrib-
uted to many factors, including sexual differ-
ences in dispersal {Croxall et al. 1990}, plumage
attributes {Mgller and Szép 2002), territorial
defense (Clobert et al. 1988}, and feeding behay-
ior (Clobert et al, 1988), Because male Spotted
Owls play the dominant role in territorial defense
and feeding of the young, we predicted that, if
anything, they would have lower survival than
femnales. The pattern on the OLY study area was
opposite to this expected result, which supported
the alternative hypothesis that egg production,
incubation, brooding, and nest defense had
higher costs on the survival and site fidelity of
fernales than did territorial defense and foraging
by the male,

Results from our study areas also indicated
that apparent survival was influenced by a
number of other factors including age, time,
Barred Owls, reproduction, and weather,
depending on the study area in question, The
age-specific pattern that we observed (lower
survival in young birds) is typical of many, if not

most, species ol birds (Clobertetal. 1988; Newton
1989; Saurola 1987, 2003; Martin 1995; Karell et al.
2009). In long-lived, territorial birds like Spotted
Owls, higher adult survivalis probablyattributable
lo the acquisition of a territory, foraging
experience, and familiarity with the foraging
area (Newton 1989, Martin 1995}, but tests of
these hypotheses have not been conducted.

Our estimates of survival were generally
comparable to those reported by Burnham et al.
{1996) and Anthony et al. (2006) except that the
range of estimates for each age group in our
study was slightly narrower than in the earlier
studies. Our results were also comparable to
those for adult California Spotted Owls {Blakesley
et al. 2001, Seamans et al. 2001, Franklin et al.
2004) and adult Mexican Spotted Owls in Arizona
{Seamans et al. 1999). Results from all three
subspecies of Spotted Owls threughout their
geographic range indicated that survival rates
were high, with relatively low annual variability,
while fecundity was highly variable from year to
year. This life history strategy has been referred
to as “bet hedging” (Stearns 1976, Franklin et al.
2000, Gaillard etal. 2000), whete natural selection
favors adult survival at the expense of producing
fewer young during years with unfavorable
conditions. Selection for high and comparatively
stable adult survival is important because
sensitivity analyses on population dynamics of
Northern Spotted Owls (Noon and Biles 1990,
Lande 1991) and California Spotted Owls
{Blakesley et al. 2001) indicated that annual rates
of population change were most influenced by
changes in adult survival,

One disturbing finding in our analysis was
that estimates of apparent survival were declin-
ing on 10 of the 11 study areas (CLE, RAIL, OLY,
COA, HJA, TYE, CAS, NWC, HUP, GDR, Fig. 5,
Table 22). In addition, fecundity was declining
in 5 of the 11 areas (Table 22). Declines in appar-
ent survival of Northern Spotted Owls on some
study areas have been reported previously
(Burnham et al. 1996, Anthony et al. 2006}, but,
in contrast to those studies, our results indi-
cated that recent declines were occurring across
the entire range of the subspecies, including the
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TABLE 22
Surmmary of trends in demographic parameters for Northern Spotted Owls from
11 study areas in Washington, Qregom, and California, 1985-2008.

No. of
territorial
owls in Apparent survival . .
Study area 2008% Fecundity (Model-averaged) A AX
Washington
CLE 18 Declining Declining 0.937 Declining
RAL 36 increasing Declining 0.929 Declining
oLy 54 Stable Declining 0.957 Declining
Oregon
CoA 105 increasing Declining since 1998 0.966 Declining
HiA 152 Increasing Declining since 1997 0.977 Declining
TYE 123 Stable Declining since 2000 0.996 Stalionary
KLA 136 Declining Stable 0,990 Stationary
CAS 83 Declining Declining since 2000 0.982 Stationary
California
NWC 84 Declining Declining 0.983 Declining
HUP 51 Stable Declining since 2004 0.989 Stationary
GDR 125 Declining Declining 0.972 Declining

4 Counts are hazed on banded territorial owls used in the analysis of A and do not include owls that were not banded

or whose bands were not confirmed.

b population trends are based on cstimates of realized population change {4}

southern portion, Estimated declines in adult
survival were most precipitous in Washington,
where annual apparent survival rates were
<0.80 in recent years (Fig. 5A), a rate that may
not allow for sustainable populations with cur-
rent rates of fecundily and recruitment {(Noon
and Biles 1990, Lande 1991). In addition, the
declines in adult survival and fecundity in Ore-
gon have occurred predominantly within the
last five years (Fig. 5B) and were not observed in
the previous analysis of data from Oregon
(Anthony et al. 2006). Compared to study areas
farther north, declines in survival on the GDR
and NWC study areas in California were more
gradual and over a longer period ol years. Col-
lectively, the declines in apparent survival of
Northern Spotted Owls across much of the sub-
gpecies’ range are cause for concern because

Spotted Owl populations are most sensitive to
changes in adult survival rates (Noon and Biles
1990, Lande 1991).

Anthony et al. (2006) found evidence of a
negative Barred Owl effect on apparent survival
of Spotted Owls in only 2 of the 14 study areas
they examined. In our analysis of data from
individual study areas, the percent of Spotted
Owl territories with Barred Owl detections had
a negative effect on apparent survival of Spotted
Owls on 6 of 11 areas examined (RAIL, OLY,
COA, HJA, GDR, NWC), with a weak or
negligible effect on the other five areas (CLE,
TYE, KLA, CAS, HUP). Thus, our results
suggest that the negative effect of Barred Owls
on sutvival of Spotted Owls may be increasing
as Barred Owls continue to invade and increase
in numbers in out study areas (Appendix B}.
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In the meta-analysis of apparent survival,
we found differences among study areas and
ecoregions, and considerable annual variation
in adult survival. Apparent survival rates were
higher in the Oregon Cascades Douglas-fir,
Oregon Coastal Douglas-fir, and California Coast
ecoregions compared lo the Mixed-conifer ecore-
gions in Washington and Oregon/California.
The meta-analysis also provided evidence of a
downward trend in survival for all study areas,
which was expected given that our analyses of
the individual study areas indicated declining
survival rates on 10 of 11 areas. The overall
decline in survival suggests a further detetiora-
tion of the situation reported by Anthony et al.
{2006), who found that declines in survival were
limited primarily to study areas in Washington.

The best random effects models in the meta-
analysis suggested that reproduction in the pre-
vious year and the proportion of territories with
Barred Owl detections both had negative effects
on survival. We found some evidence that early
nesting season precipitation had a negative
effect on apparent survival but there was little to
no cvidence that the Pacific Decadal Oscillation,
Southern Oscillation Index, nesting season tem-
perature, percent cover of habitat, ownership, or
latitude were associated with survival. It was not
surprising that we did not find much evidence
for an effect of weather in the meta-analysis
because a previous analysis of demographic data
and weather variables from six of our study
areas indicated that the association of apparent
survival with weather and cimate covariates
wag quite variable among areas (Glenn 2009,
Glenn et al. 2010, 2011). The lack of association
between survival and most weather covariates
suggests that Spotted Owls are able to cope
physiologically with a fairly broad range of
adverse weather conditions before their survival
is affected. Romero et al. (2000) proposed a sim-
ilar hypothesis regarding the effects of weather
on reproduction of three species of Arctic pas-
gserines. If survival is affected only by the most
extrerme weather events, which occur at unpre-
dictable times, detection of these effects will
likely require hierarchical analyses to evaluate

the influence of within-year or within-season
weather events (Rotenberry and Wiens 1991).

Annual Rate of Population Change and
Realized Rates of Population Change

Individual Study Areas

Our estimates of A were <1.0 for all study areas
(range = 0929 to 0.996), and there was strong
evidence that populations declined on 7 of the 11
areas that we examined (RAI, OLY, CLE, COA,
HJA, NWC, GDR). On the other four areas (TYE,
KLA, CAS, HUP), either populations were stable
or the precision of the estimates was not suffi-
cient to detect declines. The number of territorial
owls detected on all 11 areas was lower at the end
of the study than at the beginning, and few terri-
torial owls could be found on some of the study
areas in 2008 (Table 22). Estimated rates of
decline were highest for study areas in Washington
(RAIL, OLY, CLE) and the COA study area in
Oregon. The weighted mean estimate of A for all
11 study areas was 0,971, indicating an average
population decline of 2.9% per year during the
years 1990 to 2006. An average annual decline of
2.9% is lower than the 3.7% reported by Anthony
et al. {2006}, but the rates are not directly compa-
rable because Anthony et al. (2006) examined a
different series of years and because two of the
study areas in their analysis were discontinued
{(WEN, WSR) and not included in our analysis. In
our analysis, rates of population decline for indi-
vidual study areas were slightly higher than those
reported by Anthony et al., who found that popu-
lations on 9 of 13 study areas were declining. In
California, Franklin et al. {2004} found that esti-
mates of lRJS for California Spotted Owls were
nepative on four of five study areas examined,
but in all five cases the 95% confidence intervals
on A overlapped 1.0. Franklin et al. {2004:33) con-
cluded that either “ . . the populations were sta-
tionary or the estimates of A, were not sufficiently
precise to detect declines if they occurred.”

Our estimates of A apply only to the years
from which the data were analyzed, which
spanned the 16-year peried from 1990 to 2006
(Table 19). Any predictions about past or future
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trajectories of Spotted Owl populations on our
study areas are risky. Also, the estimates of A
are mean estimates of the annual rate of popula-
tion change in the number of territorial Spotted
Owls on the study areas, and the estimates of A,
for each study area varied considerably. Conse-
quently, we attempted to illustrate how annual
changes in A, influenced trends in population
numbers by estimating realized population
changes, A, for each study area. Based on these
estimates, populations on the CLE, RAL OLY,
and COA study areas declined 40 to 60% during
the last 15+ years, and populations on HJA,
NWC, and GDR declined by 20 to 30%. Popula-
tions of territorial owls on the TYE, XLA, CAS,
and HUP study areas declined 5 to 15%, but
confidence intervals for these estimates sub-
stantially overlapped 1.0, and precision of the
estimates was not sufficient to detect such small
declines. Both the timing of the population
declines and the rates of decline differed among
study areas (Fig. 10}. Thus, there was no evi-
dence that population declines were synchro-
nized among study areas, even though some of
the study areas were relatively closc together
(e.g., COA, TYE, KLA), and marked individuals
from one study area were occasionally re-sighted
in another study area. The number of popula-
tions that declined and the rate of decline on
study areas in Washington and northern
Oregon were noteworthy and should be cause
for concern for the long-term sustainability of
Northern Spotted Owl populations throughout
the range of the subspecies,

Meta-analysis of Annual Rate of
Population Change

In the meta-analysis of A, we found differences
among ecoregions and a negative effect of
Barred Owls on survival. Apparent survival was
highest in the Oregon Coast Douglas-fir ecore-
gion, which was expected given that the Oregon
Coast Range study area also had higher survival
in the meta-analysis of survival. Apparent sur-
vival and A were lowest in the Douglas-fir and
Mixed-conifer ecoregion in Washington, and

recruitment was highest for the Oregon/California
Mixed-conifer region. There was weak evidence
that apparent survival was related to the percent
cover of suitable owl habitat on four of eight
study areas, but there was no evidence that
weather or land ownership influenced apparent
survival in the meta-analyses of A, In contrast,
there was evidence that the amount of suitable
habitat within study areas had a positive influ-
ence on recruitment, and recruitment was high-
est for study areas on federally owned lands that
had the highest proportions of suitable owl habi-
tat. Positive associations between the percent
cover of suitable owl habitat and survival and
tecruitment were expected because previous
studies (Franklin et al. 2000, Olson et al. 2004,
Dugger et al. 2005} have also found positive
associations between apparent survival or
fecundity and the amount of older forests sur-
rounding Spotted Owl nest sites. However,
given the importance of habitat in most previ-
ous studies of Spotted Owls, we were surprised
that the percent covet of suitable habitat was not
included in the top models for all study areas.
Weak effects of habitat in our analysis could be
the result of using habitat as a study area covari-
ate as opposed to a site-specific covariate. The
area-specifichabitat covariate may have obscured
relationships that could only be detected with
finer-scale analyses of survival and fecundity at
the scale of the owl home range.

In the meta-analysis of A, we asked: Is tempo-
ral variation in %, determined primarily by varia-
tion in @, f,, or both? This general question s
relevant to management because the answer
may provide guidance regarding which popula-
tion parameter(s) managers should focus on
most when designing habitat management
plans. Tn addition, there is some basis for predic
tion regarding the most important population
parameters for species like Spotted Owls based
on previous research on evolution of life history
strategies in animals. In mammals and birds
with long life spans, such as Spotted Owls, pop-
ulation dynamics are typically characterized by
(1) rates of population change that ave most sen-
sitive to changes in adult survival, and (2) adult
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survival that exhibits a relatively small amount
of temporal variation compared to temporal vari-
ation in recruilment {Pfister 1998; Gaillard et al,
1998, 2000; Gaillard and Yoccoz 2003). The
degree to which annual variation in population
change reflects variation in one parameter or
another is a function of both the gensitivity of A
to that parameter and temporal variation in the
parameter, Based on these patterns, we predicted
there would be small temporal variability in
adult survival compared to recruitment. The
plots of year-specific estimates of &, ¢, and f;
provided illustrations of the temporal variation
in annual population changes and its two pri-
mary components (¢, and f; Fig. 12).

Although it was not our objective to draw
inferences about whether survival or recruit
ment was more “important” to population
change (see Hines and Nichols 2002 for discus-
sion of this topic), we were interested in whether
survival of territorial adults varied so little over
time that most temporal variation in A, was pro-
duced by temporal variation in recruitment.
This prediction did not hold true for Northern
Spotted Owls because survival of adults varied
considerably among years (range = (.70 to 0.90}.
Because of the importance of adult suryival to
annual population change (Lande 1988, Noon
and Biles 1990}, the observed variation in adult
survival often corresponded closely to annual
variation in A and was most noticeable where
populations were declining the most, especially
study areas in Washington. However, the annual
variation in apparent survival in our study was
not nearly as great as annual variation in repro-
duction, so our results do fit the pattern usually
ohserved in long-lived vertebrates, where sur-
vival is relatively constant compared to fecun-
dity (Stearns 1976, Franklin et al. 2000, Gaillard
et al. 2000).

Status of Owl Populations in the Eight NWFP
Monitoring Areas

Eight of the study areas in our analysis (CLE,
OLY, COA, HJA, TYE, KLA, CAS, NWC) are
part of the effectiveness monitoring program
for the Northern Spotted Owl in the Northwest

Forest Plan (NWEP; Lint et al. 1999). As such,
these areas are of special interest to the federal
agencies charged with management of the owl,
Qur analysis indicated that populations on five
of these study areas (CLE, OLY, COA, HJA,
NWC) were declining during our study. Point
estimates of A on the other three areas (TYE,
KLA, CAS) were <1.0, but the 95% confidence
intervals on the estimates of A broadly over
lapped 1.0, so we could not reject the hypothesis
that those populations were stationary. The
weighted mean A for the eight monitoring areas
was 0.972 (SE = 0.006), which indicated that
populations on those areas declined on average
2.8% per year during the 16-year study period.

Our results from the meta-analyses of fecun-
dity and apparent survival were similar regard-
lesg of whether we used the entire sample of 11
study areas or limited the analysis to the eight
NWFP monitoring areas, Therefore, we suggest
that future analyses of the data from Northern
Spotted Owl demography study areas be con-
ducted only on the entire sample. Conducting a
single analysis of all the data will greatly sim-
plify the cooperative approach without losing
any important information.

Associations Between Demographic Parameters
and Covariates

Determination of cause—effect relationships
is not possible with observaticnal studies like
ours. Rather, we attempted to assess the relative
strength of associations between vital rates of
owls and various environmental parameters such
as habitat, weather, and presence of Barred Owls.
It is implicit in this type of analysis that strong
associations between vital rates and environmen-
tal factors are likely indicative of cause—effect
relationships. Testing for associations is a com-
mon approach in ecology, where experimental
tests of cause—effect relationships are difficult or
impossible to conduct. Previous meta-analyses of
detnography of Northern Spotted Owls lacked
the ability to assess potential processes responsi-
ble for causes of population declines. As a result,
Anthony et al. {2006) recommended the develop-
ment and use of biological covariates to help
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explain the variability in demographic rates and
better understand the possible reasons for pop-
ulation changes. Consequently, we devoted
considerable time to the development and
refinement of covariates for evaluating the
potential effects of reproduction, Barred Owls,
climate, and percent cover of suitable owl habi-
tat on fecundity, apparent survival, and recruit-
ment at the population (study area) scale.
Reproduction and Barred Owl covariates were
previously investigated in the Anthony et al.
{2006) analysis, but the climate and habitat
covariates were new to our analysis. We also
spent considerable time trying to develop a
covariate for Barred Owls that was both time-
and territory- or individual-specific, but inclu-
sion of such a covariate proved infeasible in
our analysis. Use of territory-specific covari-
ates has proven feasible only in studies such as
those conducted by Olson et al. {2004, 2005),
Bailey et al. (2009), and Dugger et al. (2005),
where the frame of reference is the individual
territory as opposed to the study area or region.
The area-specific Barred Owl covariate that we
used differed from the covariate used by
Anthony et al. (2006) in thal our metric was
based on Barred Owl detections anywhere
within a 1-km radius of any of the historic
activity centers in each Spotted Owl territory
{see Methods for more details), as opposed to
just the most recently occupied activity center.
We used the new Barred Owl covariate because
it may be a better indicator of the potential
influence of Barred Owls on Spotted Owls in
each territory.

Cost of Reproduction on Survival

There have been a number of correlative stud-
ies in which researchers found evidence that
reproduction had negative effects on survival
of breeding birds, including Western Gulls
{Larus occidentalis; Pyle et al. 1997), Greater
Flamingos (Phoenicopterus ruber; Tavecchia
et al, 2001), Great Tits (Parus major; McCleery
et al. 1996), and Lesser Scaup (Aythye affinis;
Rotella et al. 2003). Anthony et al. {2006) found
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that apparent survival ol Northern Spotited
Owlg was negalively related to the mean
number of young produced in the previous
summer on some study areas in Washington
and higher-elevation areas in Oregon. They
hypothesized that negative correlations
between survival and reproduction suggested a
cost of reproduction, with the ultimate factor
being weather-related. Although the reproduc-
tion covariate was not included in the top ot
competitive models for most individual study
areas in our analysig, it was a factor in the best
random effects model in the meta-analysis of
survival. Based on this result, we concluded
that there was evidence of a negative effect of
reproduction on survival, even though the
reproduction covariate did not explain a large
amount of the annual variation in adult sur-
vival. The potential effect of reproduction on
apparent survival did not appear to be related
to the recent and widespread declines in Spot-
ted Owl populations; however, it may be a con-
tributing factor to some of the population
declines, and this relationship needs further
investigation. If a cost of reproduction is impor-
tant in Spotted Owls, the proximate causes
could include increased exposure to predation
or increased energy expenditure while forag-
ing, feeding young, and defending the terri-
tory. These factors have all been proposed as
potential costs associated with reproduction in
other birds (Newton 1989), but have been
experimentally iested in only a few cases, with
mixed results (Cichoh et al. 1998).

Weather and Climate

Several studies have documented associations
between fecundity or apparent survival of North-
ern Spotted Owls and seasonal weather patterng
(Wagner et al. 1996, Franklin et al. 2000, Olson
et al. 2004, Glenn 2009, Glenn et al. 2010, 2011).
Our results indicated that associations between
fecundity, apparent survival, or recruitment and
weather covariates varied among study areas.
Fecundity was positively associated with mean
temperature during the early nesting season on
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four of our study areas (RAI, COA, CAS, GDR}.
The positive association between fecundity and
warm weather during the eatly nesting season
has also been noted in several previous studies
in which researchers used terrilory-based analy-
ges to examine the effects of weather on fecun-
dity of Spotted Owls{Wagner et al. 1996, Franklin
etal. 2000, Olson et al. 2004, Glenn et al. i press),
In addition, there was some evidence that fecun-
dity was negatively associated with mean precip-
itation during the early nesting season on the
KLA, CLE, and NWC study areas, and mean
temperature during the late nesling season had
a negative association with fecundity on TYE.
Our results, and those of others (Franklin et al,
2000, Olson et al. 2004, Glenn etal. In press), sug-
gest that years of high precipitation and low lem-
peratures during the early nesting season can
have a negative effect on fecundity of Northern
Spotted Owls.

In our meta-analysis of survival, we detected
a4 positive association between apparent
survival and the Pacific Decadal Oscillation,
and a negative association between apparent
survival and early nesting season precipitation,
but these associations were not strong.
Similarly, the meta-analysis of A indicated a
positive association of apparent survival with
the Pacific Decadal Oscillation, but no evidence
for an agsociation between recruitment and
any of the climate covariates. (Glenn et al. 2010)
reported a similar association between A and
the Pacific Decadal Oscillation on a subset of
the study areas in our analysis. Positive values
ofthe Pacific Decadal Oscillation are associated
with lower than average rainfall and higher
than average temperatures (Parson etal. 2001).
We did not find evidence for any other
associations between survival or recruitment
of Northern Spotted Owls and weather or
climate covariates in the meta-analyses, Laclk
of effects was not surprising because weather
and climate varied considerably across the
range of the Northern Spotted Owl, even
within the same year (Glenn et al. 2010). Thus,
analyses of potential associations between
demographic rates and weather and climate

covariates on individual study areas may reveal
patterns that were obscured in our meta-
analysis of multiple study areas.

In summary, our analysis of climate covari-
ates indicated the most evidence for a positive
association belween fecundity and mean tem-
perature during the early nesting seagon, and a
negative association between fecundity and
mean precipilation during the early nesting
season. We found little evidence for effects of
weather on apparent survival and recruitment,
and the only climate variable for which we
found a positive association with apparent sur-
vival was the Pacific Decadal Oscillation. We
concluded that weather and climate may con-
tribute to lower demographic rates for some
areas in some years, but the effects were not
sufficient to explain the major population
declines that have occurred during the last
15 to 20 years.

Barred Owls

The number of Barred Owl detections in our
study areas has increased dramatically during
the last two decades (Appendix B). The increase
in Barred Owls has been most noticeable in
Washington and Oregon, but has become
apparent in northern California as well (Dark
et al. 1998, Kelly 2001, Kelly et al. 2003). Inva-
sion and rapid population growth of this con-
generic species throughout the range of the
Northern Spotted Owl has led to concerns of
high potential for competition hetween the two
species, Recent studies have also documented
a negative association between occupancy of
nesting territories (Kelly et al. 2003, Olson et al.
2005), fecundity (Olson et al. 2004), and appar-
ent survival (Anthony et al. 2006) in some areas
in relation to the presence of Barred Owls near
nesting areas of Spotted Owls, Consequently,
we hypothesized that demographic rates would
be negatively associated with the presence of
Barred Owls within 1 km of activity centers
of Spotted Owls.

We found evidence that fecundity was nega-
tively associated with the presence of Barred
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Owls on the CAS, COA, KLA, and GDR study
areas. Moreover, apparent survival was nega-
tively associated with the presence of Barred
Owls on the RAIL OLY, COA, HJA, GDR, and
NWC study areas in both analyses of individual
study areas ard the meta-analysis. The meta-
analysis of A also indicated a negative
association of apparent survival and recruit-
ment with the proportion of territories with
Barred Owl detections, but the evidence for a
relationship with recruitment was weak. We
also found evidence for a megative association
of re-sighting probabilities of Spotted Owls
when Barred Owls were detected near Spotted
Owl nest areas on some of the individual study
areas. In summary, we found evidence of nega-
tive relationships between demographic rates
of Spotted Owls and the presence of Barred
Owls on most study areas; therefore, our initial
hypothesis was confirmed at least on some
study areas. We suspect that the variable rela-
tionships between vital rates of Spotted Owls
and the presence of Barred Owls were prima-
rily due to the variable detection rates and
arrival dates of Barred Owls invading the study
areas (Appendix B). Another explanation for
the inconsistent, and in some cases weak, asso-
ciations between vital rates of Spotted Owls
and detections of Barred Owls is that our BO
covariate was coarse in scale (year-specific
only) and was applied at the population scale
and not the individual territory scale. Comnse-
quently, we believe the influence of Barred
Owls on demography of Spotted Owls is likely
stronger than was indicated by our analyses,
There is a need to develop a covariate for Barred
Owls that is both year- and territory-specific
(Anthony et al. 2006). Our results support the
findings of previous studies that have also
reported evidence for negative associations of
demographic performance of Spotted Owls
when Barred Owls were detected near their
nest areas {Kelly et al. 2003; Olson et al. 2004,
2005; Anthony et al. 2006). In addition, Olson
etal. {2005) found evidence that occupancy and
colonization rates of Spotted Owl territories
were negatively associated with detections of

Barred Owls. In another territory-specific
study, K. Dugger et al. (In press} found
evidence that extinction rates of Spotted Owl
territories were higher on territories with
Barred Owl detections, and this effect was
stronger as the amount of habitat decreased.
The latter results suggested an additive effect
of decreasing habitat and presence of Barred
Owls on demographic performance of Spotted
Owls.

Taken together, rezults of our current study
and previous studies do not prove a causal
effect of Barred Owls on the demography of
Northern Spotted Owls. However, the consist-
ency of the negative associations between Spot-
ted Owl demographic rates and presence of
Barred Owls in multiple studies lends support
to the conclusion that Barred Owls are having
a negative effect on spotted owl populations.
Of the various factors we investigated to ascer-
tain potential effects on demographic rates of
Northern Spotted Owls, the mostly negative
associations with the presence of Barred Owls
were the strongest and most consistent factor
among study areas. The negative asgociations
with Barred Owls were more numerous and
stronger in our analysis than those reported by
Anthony et al. (2006}, and corresponded with
the increase in detections of Barred Owls in
the last five years on our study areas. The
increasing evidence for a Barred Owl effect
suggests that recent declines in fecundity,
apparent survival, and populations of Spotted
Owls on our study areas are at least partly due
to interactions with Barred Owls. However, we
cannot rule out the potential influence of con-
tinued declines in habitat as another factor
contributing to population declines (see
below).

Habitat

Qur investigation of the potential influence of
habitat on demographic rates of Northern Spot-
ted Owls was both challenging and problem-
atic for a number of reasons. First, comparable
vegetation maps from satellite imagery for the
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enlire range of the subgpecies were not availa-
ble, and it was clear during the workshop that
the imagery for California was developed with
different criteria and was different from the
vegetation map of Washington and Oregon. As
aresult, we excluded the California study areas
in the meta-analysis of demopraphic rates with
the habitat covariate. Second, the available map
for Oregon and Washington did not span the
entire length of time that the demographic
studieg were conducted, o we had to estimate
the amount of suitable owl habitat that was
present on the study areas both prior to and
after 1996, when the best map was available,
We estitmated the amount of habitat that was
lost due to harvest and wildfires during the
time of the studies with a change deteclion
algorithm (see Methods section). Third, there
may have been some small amount of forest
that became suitable owl habitat as a result of
forest re-growth during our studies, but we
could not readily identify these forests to be
able to adjust our estimates accordingly.
Fourth, the maps that we used characterized
forest vegetation at landscape scales and did
not characterize the understory structure,
which has been shown to be {mportant for
Spotted Owls and their primary prey {Carey
et al. 1992, Rosenberg and Anthony 1992,
Buchanan et al. 1995, LaHaye and Gutiérrez
1999, Lehmkuhl et al. 2006D).

While the amount of suitable habitat on
some study areas in Oregon had a positive
effect on reproduction, there was little evidence
for a consistent effect of habitat on fecundity
for all areas in Washington and Qregon from
the meta-analysis. The absence of a strong
association between the amount of habitat and
fecundity was not entirely surprising consider-
ing that two previous studies found evidence
that “habitat fitness” for Spotted Owls increased
in landscape configurations that included a
mixture of old forests and edge (Franklin et al.
2000, Olson et al. 2005, but see Dugger et al.
2005). Whether inclusion of a forest edge
covariate in our analysis would have made a
difference in the outcome is unclear, but
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inclusion of such a covariate gshould be consid-
ered in future analyses.

In the meta-analysis of survival, apparent
survival was positively related to the percent
cover of suitable owl habitat within the study
area boundaries, but the 95% confidence inter-
vals overlapped zero, indicating that the evi-
dence for an association was weak. The habitat
covariate was not included in the analysis of
survival rates for individual study areas, which
was an oversight during the development of
the protocol (see below). Such analyses should
be considered in the next major analysis of
demographic data from Spotted Owls. In the
meta-analysis of A, apparent survival was
related positively to the percent cover of suita-
ble habitat in the CLE, COA, HJA, and TYE
study areas, as 95% confidence intervals for the
regression coefficients for the habitat covariate
barely overlapped zero. More importantly,
we found a positive relationship between
recruitment and the percent cover of suitable
ow) habitat within the study areas in the meta-
analysis of A. Recruitment was also highest on
federally owned lands where the amount of
suitable habitat was highest (Davis and Lint
2005). One possible explanation for the latter
regult is that more habitat within the study
areas provided areas where non-territorial owls
could occupy and survive until they were able
to recruit into the territorial population.

A number of territory-specific studies of
Spotted Owls have reported fairly strong asso-
ciations between the amount of suitable habi-
tat and demographic rates of Spotted Owls.
The fact that we found relatively weak associa-
tions between the amount of habitat and demo-
graphic rates suggests that our area-specific
covarlate was too coarse to reveal actual rela-
tionships that were acting at the scale of the
individual owl territory. Our conclusion should
not be used to infer that the amount of old for-
est (suitable owl habitat) is not important to
the demography of the Spotted Owl, because
other studies have documnented positive asso-
ciations between demography and the amount
of old forest surrounding nest sites of Spotted
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Owls. For example, apparent survival was posi-
tively related to the amount of old forest sur-
rounding nest gites in territory-specilic studies
of Spotted Owls in northwestern California
{Franklin et al. 2000) and southern Oregon
(Dugger et al. 2005), In the territory-specific
studies conducted by Franklin et al. {2000) and
Olson et al. (2004), large areas of mature and
old forest interspersed with openings provided
the best habitat for Northern Spotted Owls in
northwestern California and the Oregon Coast
Ranges. In southern Oregon, Dugger et al,
{2005) found that reproductive rates of Spotted
Owls were positively related to the proportion
of old-growth forest within a 730-m-radius cir-
cle around nest sites. In the Sierra Nevada of
California, Seamans and Gutiérrez (2007)
observed higher colonization and lower
extinction rates for California Spotted Owls on
territories with more mature conifer forest. In
the above studies, analyses were conducted at
the scale of owl territories within study areas
and with a smaller scale of habitat mapping
from aerial photographs; the results of those
studies were more definitive than our study,
which was at the scale of entire study areas
{populations). Also, recent analyses of occu-
pancy dynamics of Northern Spotted Owls in
the southern Cascades of Oregon indicated
that there was an additive and negative effect
of Barred Owlg and decreased amounts of hab-
itat on occupancy and colonization, and a posi-
tive effect on extinction of nesting territories
{Dugger et al. In press). The latter results sug-
gest that it may be necessary to conserve even
more old forest habitat than ig currently pro-
tected, if the objective is to increase the likeli-
hood that Spotted Owls will be able to persist
in the face of potential competition with Barred
Owls for space, habitat, or prey. Competition
theory predicts that more habitat is necessary
if two species are to persist when they are in
direct competition {Levins and Culver 1971,
Horn and MacArthur 1972), an important con-
sideration in the conservation of Northern
Spotted Owls. Carrete et al, {2005) recom-
mended an increase in suitable habitat for two

potentially competing raplors, the Golden
Eagle (Aquila chrysaetos) and Bonelli’s Eagle
{A. fasciata) in southern Spain. Last, it is well
documented that Northern Spotted Owls select
older forests for nesting [Hershey et al. 1998,
Swindle et al. 1999}, and roosting and foraging
(Forsman et al. 1984, Thomas et al. 1990, Bart
and Forsman 1992, Herter et al. 2002, Glenn
et al. 2004, Forsman et al. 2005) throughout
tmost of their range, so these forests are impor-
tant to their survival and population persist-
ence, Selection for the oldest available forest is
consistent even within managed forests on pri-
vate lands in northwestern California, where
Diller and Thome (1999) and Thome et al.
{2000y found that Spotted Owls usually
occurred in the oldest available forests.
Researchers studying California Spotted Owls
have also reported strong associations with
older forests for nesting, roosting, and forag-
ing (LaHaye et al. 1997, LaHaye and Gutiérrez
1999). Consequently, despite the weak associa-
tions between demographic rates and habitat in
our analysis, it would be incorrect to conclude
from our results that old forest vegetation is not
important to Northern Spotted Owls,

Potential Biases in Estimaies of
Demographic Parameters

Numerous authors have discussed possible
biases associated with estimates of fecundity
or survival from long-term demography stud-
ies of Northern Spotted Owls (Raphael et al.
1996, Van Deusen et al. 1998, Manly et al. 1999,
Boyce et al. 2005, Loehle et al. 2005). In some
cases, these critiques resulted in rigorous
rebuttals (Franklin et al. 2006). Because param-
eter bias could have important effects on devel-
opment of effective congervation and manage-
ment strategies, we discuss potential sources
of bias in our estimates of fecundity and appar-
ent survival below.

Fecundity

Estimates of fecundity can be biased if territo-
rial females are present on the study area but
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are not detected in any given year. If the unde-
tected territorial females nest successfully,
fecundity could be underestimated. 1f undetec-
ted birds do not nest, or nest and fail, fecundity
is overestimated. These two sources of bias
may cancel each other out because both sce-
narios can happen in the same year, but we
suspect that the positive bias is slightly more
prevalent than the negative bias because non-
nesling females and females that nest and fail
tend to be more difficult to detect than nesting
females. However, re-sighting probabilities of
owls in our study were typically >0.75, so the
frequency of missing data on reproduction in
most years was small. Even if there was a bias
in our estimates of fecundity, this bias shoyld
have been consistent among years and study
areas. Therefore, any small positive or negative
bias in our estimates of fecundity should not
have confounded any analyses in which we
examined the effects of time, age, study area,
geographic region, latitude, Barred Owls, cli-
mate, or habitat on fecundity.

Apparent Survival

Temporary or permanent emigration, hetero-
geneity in recapture probabilities, and band
loss are the primary factors that may create
biases or lack of precision in estimates of
apparent survival from analysis of capture-
recapture data. Two of these potential biases
were investigated by Manly et al. (1999), who
used computer simulations with data from
Northern Spotted Owls in the eastern Cascades
of Washington. Variation in recapture proba-
bilities for nesting and non-nesting owls, tem-
porary emigration, and dependent captures of
both members of a breeding pair had little
effect on estimates of apparent survival,
although temporary emigration can cause
lower apparent survival estimates for the last
few years of a study. In addition, the combina-
tion of high recapture and survival probabili-
ties in our study likely reduced any bias associ-
ated  with  heterogeneity  of recapture
probabilities (Pollock et al. 1990, Hwang and

Chao 1995). As for permanent emigration,
Forsman et al. (2002) studied dispersal of ter-
ritorial Spotted Owls on a subset of our study
areas and estimated that only about 6.6% of
resident owls dispersed from their territories
each year, and most of those individuals were
relocated on adjacent territories within the
boundaries of our survey areas. Nevertheless,
there were undoubtedly some individuals that
dispersed and went undetected at the edges of
our study areas, and to this extent, our esti-
mates of apparent survival may have been
biased low as an index of true survival.

Annual Rate of Population Change

Our use of the reparameterized Jolly-Seher
method (R]S; Pradel 1996) to estimate the
annual finite rate of population change (Apss)
was a departure from earlier analyses of Spot-
ted Owls, in which researchers used Leslie pro-
jection matrices (PM; Caswell 2001) to estimate
Apy (Anderson and Burnham 1992: LaHaye
et al. 1992; Burnham et al. 1996; Seamans et al,
1999, 2002; Blakesley et al. 2001). Estimates of
Apy Were thought to be biased low in these
studies because of permanent emigration of
juveniles from study areas (Raphael et al. 1996,
Boyce et al. 2005). In contrast, the Pradel {1996)
method of estimating Apys Uses survival esti-
mates from territorial owls only, so it is subject
to less bias than the Leslie projection matrix
models (A} for use in capture~recapture
studies of Spotted Owls (Hines and Nichols
2002, Franklin et al. 2004, Anthony et al, 2006).
Estimation of ?LR]S assumes that study area
boundaries are fixed throughout the study and
that surveys of territorial owls are conducted
on the same areas with similar effort each year.
In other words, new owls are not recruited into,
or previously sampled owls are not lost from
the sample because of changes in survey area
or methods. We used established protocols for
surveying and identifying marked Spotted
Owls (Franklin et al. 1996, Lint et al. 1999) to
ensure that study areas were surveyed with
approximately equal effort each year. In
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addition, the study areas had fixed geographi-
cal boundaries for inclusion of data from indi-
vidual owls, and any expansion or contraction
of study areas (Appendix A) was corrected for
by modeling in program MARK (see Methods
section). Thus, the primary assumptions for
estimating gy from capture—recapture data
from Spotted Owls were met. The Pradel
method for estimating A accounts for move-
ment into and out of the study area and is less
subject to bias caused by permanent emigra-
tion of marked owls, which is why the Pradel
models may improve on the Leslie matrix
model for estimating the annual rate of popu-
lation change for Spotted Owls. If movements
in and out of the study area are truly asymmet-
tic, then the Pradel method should produce a
high or low A to reflect this (it is not a bias, but
an accurate reflection of reality).

Last, band loss in our studies was near zeto.
Franklin et al. (1996) examined records from
over 6,000 Northern Spotted Owls double-
banded with a colored band and a numbered
metal band, and found only two cases where
colored bands were lost and no cases where the
numbered metal band was lost. Based on the
above assessments, we believe that any biases
in our estimates of A were small.

Estimating Goodness-of-Fit and Overdispersion

There are potential biases in the estimation of
overdispersion (c) when the estimate is based
on the global goodness-of-fit statistic from pre-
gram RELEASE. The overall goodness-of-fit
chi-square ()%} is comprised of three additive
components: identifiable outliers, structural
lack-of-fit, and lack of independence in capture
histories {overdispersion}. These three poten-
tial components of lack-of-fit have differing
effects on bias and precision of parameter
estimates.

Outliers and structural lack-of-fit can result
in biased estimators of ¢ and A’R]s' but do not
result in inflated variances of these estimators.
Moreover, these components of lack-of-fit do
not result in, and hence are not part of, overdis-

persion. In contrast, overdispersion does not
cause bias in the estimates of ¢, p, or ?LR]S, but
it does result in estimated sampling variances
that are too small. Thus, one needs an estimate
of overdispersion (c) to adjust (inflate) the esti-
mated theoretical sampling variances and
adjust model selection to QAIC.. Estimates of
overdispersion and the variance inflation fac-
tor from program RELEASE in previous analy-
ses of capture-recapture data from Spotted
Owls were Dbiased high (e.g., Franklin
et al. 2004, Anthony et al. 2006). As a result,
sampling standard errors from those analyses
were conservative in assessing the status of
populations from the estimation of Agjs and
corresponding 95% confidence intervals, We
corrected for this overestimation of overdisper-
sion in our analysis by using the median-& rou-
tine in program MARK to estimate overdisper-
sion in addition to using program RELEASE to
estimate overall goodness-of-fit. Estimates
from the median-¢ routine of program MARK
in our analyses ranged from & = 0.97 to 1.17
compared to the range of estimates for overall
goodness-ofifit (x?/df) from program RELEASE
{¢ = 0.86 to 3.02). Our results indicated that
there was little overdispersion (laclk of
independence) in our capture-recapture data
sets, and any overall lack-of-fit was due to out-
liers caused by temporary etigration and per-
haps some structural lack-of-fit. Consequently,
inflation of our estimates of SE(®) and SE(R)
was minimal, and the true precision of our
estimates was higher than those in previous
analyses given equal sample sizes (Franklin
et al. 2004, Antheny et al. 2006). Use of the
median-¢ Toutine in program MARK to esti-
mate overdigpersion in cur analyses was an
important improvement over previous analy-
ses. Estimates of goodness-of-fit from program
RELEASE also indicated that our data fit the
Cormack—]Jolly-Seber open population model
well, so we did not expect unacceptable biases
due to lack-of:fit of the data to the model.
The covariates that we used to assess the
effects of Barred Owls, habitat, weather, and
climate on demographic parameters of Spotted
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Owls were all study-arca—specific variables,
and in some cases they were not measured
with the same degree of accuracy on all study
areas. Use of area-specific covariates could
explain why we sommetimes found inconsistent
ot counterintuitive relationships between the
covariates and demographic performance of
Spotted Owls. Variable effort was a problem
with the Barred Owl covariate because the
amount of nocturnal survey varied among
years and study areas, depending on whether it
was a good nesting year for Spotted Owls. Sur-
veyors sometimes did less night calling for
Spotted Owls in good nesting years because
many pairs of nesting Spotted Owls were easy
to find by simply walking into their traditional
nest areas and calling during the day. Variation
in the amount of nocturnal calling surveys
probably introduced methodological variation
into the Barred Owl covariate, and lack of a
species-specific survey for Barred Owls
undoubtedly caused an underestimate of the
number of Barred Owls present in all years. A
recent study in which observers conducted a
species-gpecific survey of Barred Owls in a
Spotted Owl study area resulted in a =40%
increase in the estimated number of territorial
Barred Owls (Wiens et at. In press). An obvi-
ous solution to our problems with the Barred
Owl covariate is to do a better job of measuring
and standardizing all covariates in the future.
For Barred Owls, improved procedures would
Tequire initiating species-specific surveys in
which Barred Owl surveys are conducted
independently of Spotted Owl surveys,

SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

The primary objectives of our investigation
were to determine if survival rates and popula-
tions of Northern Spotted Owls were still
declining, assess the influence of biological
and meteorological covariates on demographic
rates at the population scale, and provide esti-
mates of recruittment rates. Qur analyses indi-
cated that fecundity and populations of

Northern Spotted Owls have continued to
decline in most parts of the range of the sub-
species, Estimates of the annual rate of popula-
tion change were <(1.0 for all 11 study areas.
Our finding thal apparent survival rates were
declining on 10 of the 11 study areas was of
special concern because Spotted Owl popula-
tions are most sensitive to changes in adult
survival (Noon and Biles 1990). We had some
success in relating demographic rates to repro-
duction, weather, habitat, or Barred Qwls on
some study areas. In the analysis of fecundity,
however, the amount of temporal variation
explained by any one of these covariates was
small due to the large temporal variation in
fecundity. Temporal variation was not as prob-
lematic in the analyses of apparent survival
and A, because these parameters had much
less temporal variation than fecundity. For the
first time, we provided estimates of recruit-
ment rates into the territorial population,
which indicated that low recruitment in con-
junction with low survival resulted in popula-
tion declines. We also found a negative rela-
tionship between recruitment rates and the
presence of Barred Owls and a pogitive rela-
tionship between recruitment and the amount
of suitable owl habitat in the study areas.
Recruitment was higher on federal lands where
the amount of suitable owl habitat was gener-
ally highest. We concluded that there were sev-
eral factors that contributed to declines in
demographic rates of Northern Spotted Owls
in any given year on any particular study area,
and that these factors were spatially and tem-
porally variable. Of these factors, the presence
of Barred Owls appeared to be the strongest
and most consistent factor. However, the repro-
duction covariate, weather/climate covariates,
and percent cover of suitable habitat were also
associated with demographic parameters on
some study areas. Declining rates of apparent
survival were the most likely proximate cause
of population declines, but the ultimate
factor(g) responsible for the declines in sur-
vival remained unclear and warrant further
investigation. In addition, recruitment of new
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owls into the populations was often low on
some study areas in some years and contrib-
uted to population declines. Future analyses
should investigate the factors that affect sur-
vival of juvenile owls and their recruitment
into the territorial population. All of these
demopraphic paramelers and the covariates
that may affect them interact in a complex way
in influencing annual rates of population
change of Northern Spotted Owls. Our overall
assessment is that reproduction and recruit
ment have not been sufficient to balance losses
due to mortality and emigration, so many of
the populations on our study areas have
declined over the last two decades. The contin-
uing decline of the Northern Spotted Owl on
federal lands could be at least partly due to lag
effects from the extensive harvest of old forest
that occurred prior to 1990. However, the lag-
effect hypothesis was not supported by ongo-
ing declines among owl populations in national
parks, where there was no habilat loss due to
harvest at any time in the years before or dur-
ing our study. Thus, we do not think the lag-
effect hypothesis has much explanatory power
for the continuing declines of Northern Spotted
Owls.

Althouph the pattern was not consistent in
all areas, there was strong evidence for a nega-
tive etfect of Barred Owls on fecundity or sur-
vival of Spotted Owls in many of our study
areas. This result was even more significant
given that the actual effect of Barred Owls on
fecundity of Spotted Owls was underestimated
by our data. While our observational results do
not demonstrate cause—effect relationships,
they provide support for the hypothesis that
the invasion of the range of the Spotted Owl by
Barred Owls is at least partly the cause for the
continued decline of Spotted Owls on federal
lands. Our results also suggest that Barred Owl
encroachment into western forests may make
it difficult to insure the continued persistence
of Northern Spotted Owls (see also Olson et al.
2004). The fact that Barred Owls are increasing
and becoming an escalating threat to the per-
sistence of Spotted Owls does not diminish the

importance of habitat conservation for Spotted
Owls and their prey. In fact, the existence of a
new and potential competitor like the Barred
Owl makes the protection of habitat even more
important, since any loss of habitat will likely
increase competitive pressure and result in
turther reductions in Spotted Owl populations
(Horn and MacArthur 1972, Olson et al. 2004,
Carrete et al. 2005). Manipulative experiments
could provide future insights, and some
authorities have suggested that removal experi-
ments should be conducted on one or more
study areas lo better document the potential
effects of competition between Barred and
Spotted Owls (Courtney et al. 2004,
Buchanan et al. 2007, Johnson et al. 2008).
If conducted, manipulative experiments will
almost certainly shed new light on relation-
ships between Barred Owls and Spotted Owls.

The fact that the amount of spatial and proc
ess variation explained by all of the covariates
in our analysis was small should not be inter-
preted to mean that habitat and climate are not
important for Spotted Owls, To the contrary,
several lines of evidence in our study and in
studies conducted by others (Franklin et al
2000, Olson et al. 2004, Dugger et al. 2005) show
that habitat does influence demographic rates
of Northern Spotted Owls. However, the poot
petformance of fixed effects tmodels, which
model temporal variation solely as a function of
temporal covariates, should be discouraged in
future analyses and replaced with improved
random effects models that incorporate both
environmental covariate(s) and temporal varia-
tion. In addition, we suggest that researchers
need to consider the use of other covariates in
future analyses. For example, there is consider-
able evidence that vital rates and population
size of northern owls are strongly influenced by
prey abundance (Korpimiki 1992, Rohner 1996,
Hakkarainen et al. 1997). Unflortunately, we did
not have long-term data on annual variation in
prey abundance on any of our study areas, so
we could not address the possible infiuence of
trophic dynamics on owl demographic rates.
We suggest, therefore, that studies of annual
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variation in nmumbers of small mammals be
implemented on one or more of the demo-
graphic study areas in the future, so that the
possible infiuence of prey abundance on owl
demographic rates can be evaluated.

So, what can we glean from our results that
can be translated into management recom-
mendations? Our results and those of others
referenced above consistently identify loss of
habitat and Barred Owls as imporiant stressors
on populations of Northern Spotted Owls, In
view of the continued decline of Spotted Owls
in most study areas, it would be wise to pre-
serve as much high quality habitat in late-
successional forests for Spotted Owls as possi-
ble, distributed over as large an area as possible.
This recommendation is comparable ‘0 one of
the recovery goals in the final recovery plan for
the Northern Spotted Owl (USDI Fish and
Wildlife Service 2008), but we believe thzt a
more inclusive definition of high-quality habi-
tat is needed than the rather vague definition
provided in the 2008 recovery plan. Much of
the habitat occupied by Northern Spotted Owls
and their prey does not fit the classical defini-
tion of “old-growth” as defined by Franklin end
Spies {1991}, and a narrow definition of habitat
based on the Franklin and Spies criteria would

exclude many areas currently occupied by
Northern Spotted Owls. Second, we believe
more information on competitive interactions
between Spotted Owls and Barred Owls is
needed. A recent study by D, Wiens at Oregon
State University (pers. comm.) will provide
some of this information for western Oregon,
but similar information is needed for other
parts of the range of the Spotted Owl. In addi-
tion, we support experimental removal of
Barred Owls on at least one study area as a
research profect to test the hypothesis that
competition is occurring between the two spe-
cies. In theory, a Barred Owl removal experi-
ment should result in competitive release of
Spotted Owls, with subsequent increases in
vital rates and density. Experimental removal
of Barred Owls as part of a research program
would also address one of the main recovery
goals in the final recovery plan for Northern
Spotted Owls (USDI Fish and Wildlife Service

2008). Finally, it is important that monitoring

of Northern Spotted Owls be continued on

study areas throughout the range of the sub-

species, so that population status can be

assessed periodically for the purposes of recov-

ery planning and monitoring the effectiveness

of the Northwest Forest Plan.
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Study areas included 1 the January 2009 gnalysis of demographic trends of Northern Spotted Owls.

Appendices

APPENDIX A

Start A Start  Expansion Latitude

Study area year? year year® Lzndowner® Ecoregion (°NJ
Waghington

CLE 1989 1992 none Mixed Washington Mixed-conifer 46.996

RAI 1992 1993 1998 Mixed Washington Douglas-fir 47.195

oLy 1990 1990 1994 Federal Washington Douglas-fir 47,800
Oregon

COA 1990 1992 nomne Mixed Oregon Coastal Douglas-fir 44,381

HJA 1988 1990 2000 Federal Oregon Cascades Douglas-fir 44.213

TYE 1990 1990 none Mixed Oregon Coastal Douglas-fir 43.468

KLA 1990 1990 1998 Mixed Oregon/California Mixed-conifer — 42.736

CAS 1991 1992 2001 Federal Oregon Cascades Douglas-fir 42.695
California

NWC 1985 1988 none Federal Oregon/California Mixed-conifer ~ 40.848

HUP 1992 1992 none Tribal Oregon/California Mixed-conifer  41.051

GDR 1990 1990 1998 Private California Coast 41.122

4The Start year columnn indicates the frst year in which we calculated estimates of fecundity and survival, The A Start year column

indicates the first year in which we calculated estimates of A.

b [ndicates year that study area was expanded, if any.
©Mixed = a mixture of Federal and private or state lands
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BO Covariate

BO Covariate

BO Covariate

APPENDIX B
Annual proportion of Spetted Cwl territories with Barred Owls detections {BO covariate)
on study areas in Washington, Oregon, and California.
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APPENDIX C
Habitat covariates used in analyses of Northern Spotited Owl vital rates and population growth rates,

Graph A illustrates the percent cover of suitable Spotted Owl habitat within 2.4 km of the annual activity centers
of Spotted Owls used in meta-analyses of fecundity and survival (covariate HABY). Graph B illustrates the percent
cover of suitable Spotted Owl habitat within 2.4 km of the annual activity centers of Spotted Owls that were included
in the meta-analysis of A (HAB2). Graph C illustrates the percent caver of suitable Spotted Owl habitat within a 23-km
radius of the annual activity centers of Spotted Owls that were included in the meta-analysis of A, minus the
area in HAB2 (HAB3). Abrupt changes in some lines represent ane-tirme study area expansions or reductions
included in the meta-analysis of A,
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APPENDIX D

Reproductive covariate (aumber of young fladged/pairfyr) used 1o model survival, and recc‘rptu.vl‘e
probabilities of Northern Spotted Owls on 11 study areas in Washington, Oregan, and California.
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A priori models used in aralysis of recapture probabilities (p) of Northern Spotted Owls on
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APPENDIX E

11 demographic study areas in Washingion, Oregon, and California.

Model® Description of p structure

plA + ™) Additive age, sex, and time effects with interactions between sex and time
18] Constant model (no effects)

p(s) Sex effect

P(R) Effect of annual reproduction in year t on p in year t

PRt s) Additive reproduction and sex effects

piy Annual time effect

pls+ ) Additive sex and time effects

p(T) Linear time trend effect

pls + T) Additive sex and linear time trend eflects

p(BO) Barred Owl effect

pls -+ BO} Additive sex and Barred Owl effects

p(R -+ s + BO) Additive sex, Barred Owl, and reproduction effects

plchoice) Biologist's choice i

1 Model notation indicates structure for effects of age (A), sex (s), reproduction (R), Hme {t), linear time {T}, percent
of Spotted QOwl territories with Barred Owl detections (BO), and biologist’s choice {choice). Biologist's choice modlels
included study-area-specific effects such as changes in methodology or subdivisions of study areas based on forest
type or ease of access. Additive and interactive effects are indicated by a + sign or asterisk, respectively.




APPENDIX F
A priori models used for analysis of apparent survival (0) of Northern Spotied Owls on
11 demographic study areas in Washingion, Oregon, and California.

Analyses used the best p structure from the initial analysis for each area.

Model

Description of ¢ structure

o)
GIS1=52=A)+5]
9(51,52=A)
®[(S1,52=A) +5]
0(S1=52, A)
@[(S1=52, A)+ 5]
@(S1, 52, A)
@[{S1, 52, A} + 5]
0[{models 1-8) 4]
¢ [(models 1-8) +T|
g ¢ [{models 1-8) + TT)
‘ @{(models 1-8} + }]

©[{models 1-8) + BO]
! @ [{models 1-8) + change-point]
‘ @ [{models 1-8) -+ cubic spline]

Constant survival, no age, sex, or time effects

Sex effect only

Age effect (52 = A, 51 different)

Age effect {S2 = A, Sl different), additive sex effect

Age effect (S1 = 52, A different)

Age effect (1 = 52, A different), additive sex effect

Age effect (2]l classes different)

Age effect (all classes different), additive sex effect
Models from 1-8 above with additive time effect (1)
Models from 1-8 above with additive linear time trend (T)
Models from 1-8 above with additive quadratic time trend (T'T)

Models from 1-8 above with additive effect of reproduction in year t on
survival in year £ + 1 (R}

Models from 1-8 above with Barred Owl effect (BO)
Medels from 1-8 above with change-point at 2002 (CP)?

Models from 1-8 above with cubic spline (spline)P

4 Change-point in 2004 using best model structure of ), (T), oz (T'T).
b Cubic spline with knot midway between start year and 2002 and second knot at 2002.

APPENDIX G

A priori madels used for meta-analysis of apparent survival (@) and recapiure probabilities (p) of adult Northern Spotted
Owls on 11 demographic study areas in Washington, Oregon, and California,

Area effects {g) refer to study areas.

Model Description of Model Structure
Global medel

1. @{g*t*s) p(g¥r¥s) Area, time, and sex with all interactions (global model}
Recapture

2. plgt+s)p(g 1)

- pig*t + 5) p(R)?*
. Oght + s} plg +

s

. plg*t+ s) p{R + 5)

C Qg+ 9) pllg +

1)*s]

. (gt + 8) p(R*s)

- p{g*t + 5) p(BO]

9. @g*t + s) p(BO + g)

Survival

10.
11.
12,

13,
14,

15.

16.
17.
18.

19,
20,
21,

@ (g + 8} p(best)
@(g -+ s + t) p(best)
¢(g*T + &) p(best)

0(g + s+ T) pibest)
0{g*TT + &) p{best)

Qg+ TT + )
p(best)

p(s + t) p{best)
©{s + T) p{best)
@ (s + TT) pibest)

() p(best)
¢ (s + BO) p(best}
¢(s + BO + g) pbest)

¢ (Area, time, and sex with area and time interactions) p{additive area
and time)

@ {Areq, time, and sex with area and time interactions) p(reproduction)

@ (Area, time, and sex with area and time interactions) p(additive area, time,
and sex)

¢ (Area, time, and sex with area and time interactions) pfadditive reproduc-
tion and sex)

@ {Area, time, and sex with area and time interactions) p(additive area and
time with different sex effects)

¢ (Area, time, and sex with area and time interactions) p(interactive repro-
duction and sex)

@ {Area, time, and sex with area and time interactions) p(BO)

¢ (Area, time, and sex with area and time interactions) p(BO + area)

o (additive area and sex ) p{best structure from 2-9 above)
¢ (additive area and sex and time ) p(best structure from 2-9 above)

@ (interactive area and linear time trend with additive sex effect) p(best struc-
ture from 2-9 above)

¢ (additive area, sex, and linear time trend } p(best structure from 2-9 above)

 (interactive area and quadratic time trend with additive sex effect) p(best
structure from 2~9 above)

¢ {additive area, quadratic time trend, and sex effect) p(best structure from
2-9 above)

¢ (additive sex and time effects) p(best structure from 2-9 above)
¢ (additive sex and linear time trend effects) p{best structure frorm 2-9 above)

¢ (additive sex and quadratic time trend effects) p{best structure from
2-9 above) ’

¢ (sex) p(best struciure from 2-9 above)
o {additive sex and BO effects) p{best structure from 2-9 above)
@ (additive sex, BO effects, and area) p(best structure from 2-9 above)
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APPENDIX G {CONTINUED)

APPENDIX G (coNTINUED) ;

Model Description of Model Structure Model Description of Model Siructure
22. @(s + BO*g) p(best) p (interactive BO effects and area effects with additive sex effect) p(best Habitat-climate interactons
structure from 2-9 above) . \ .
43. ¢(best babitat + ¢ (combine best habital model from 35-36 with best climate model form
23, @is + R) p(best) ¢ fadditive sex and reproduction effects) p(best structure from 2--9 above) best climate) 37-42 in additive model) p{best structure from 2-9 abave)
24, ¢(s + R + g) p(best) ¢ (additive sex, reproduction, and area effects) p{best structure from 2-9 above) g(best struc]:ure
Tom 2-9 above
25, @{s + R*g) p{best) ¢ {interactive reproduction and area effects with additive sex effect) p(best )
structure from 2-9 above) 44, @ (ZESt habitat*best ¢ (combine best habitat model from 35-36 with best climate model form
imate) p(best 37-42 in interactive model} p{best structure from 2~9 ab
26. ¢(s - BO+R) @ (additive sex, reproduction, and BO effects) p(best struciure from structuzepérom 2.9 M o &-3 above)
p(best} 2-9 above] above)
27. p(s + BO +g+R) 1 (additive sex, BO, reproduction, and area effects) p(best structure from
: pibest) 2-9 above} ¢ When reproduction (R} appears as a covariate on recaplure, it refers to the effect of reproduction in year ¢ on recapture in year k.
When R ‘ovariat ival, it refers to the effect of 1 joni survival in yes
" 0 (5 " Bo*gv‘cR) 0 (interactjve BO, reproduction, and area effects with additive sex eﬂ"ect) en K appears as a covariate on survival, it refers to the effect of repreduction in year ¢ on survival in yeart + 1,
. pibest) pibest structure from 2-9 above)
" 29. @ (CP) p(best) ¢ (change-point in 2004 using best of (.}, () or (T) models} p{best structure

from 2-9 abave)

30. @ (spline) p(best) @ {cubic splinc with knot midway between start year and 2002 and sccond
knot at 2002) p(best structure from 2-9 above)

Study area surrogates |

[
E
i

31. @ {OWN) p(best) Replace area effect in lowest QAIC, model from. 9-29 with ownership effect
| 32. @ (ECO) p(best) Replace area effect in lowest QAIC, model from 9-29 with ecoregion effect
i 33. @{OWN*ECO) Replace area effect in lowest QAIC_ model from 9-29 with ownership and
% pibest) ecological region effects with interactions
‘ 34. p(LAT) p{best) Replace area effect in lowest QAIC, model from 9-29 with latitude effect
}_ Habitat
| 35 p(s+ g+ [WA = Sex included only if important in 1-34, Additive effects of area and habitat in ,
. OR + CA] *HAB1) WA and OR with minimum QAIC, model replacing habitat for CA. p(best
| p(best) structure from 2-9 above
: 36. pfs + g HAB1) Sex included only if important in 1-34, Interaction between area and HAB1,
1[ p(best) pibest structure from 2-9 above)
% ] Climate
‘ 37. pis + g+ SOL + o (additive sex, area, Southern Oscillation Index, and Pacific Decadal
! PDO) p{best} Oscillation. p(best structure from 2-9 above)
| -
38. @[s + (g*S0I) + ¢ (interaction between area and Southern Oscillation Index and area and Pacific
{g*PDO}] p(best) Decadal Oscillation, with additive sex effects) p(best structure from 2-9 above)
39. ¢(s + g + ENP) ¢ (additive sex, area, and precipitation during early nesting season) p(best
pibest) structure from 2-9 above}
40. (s + g*ENP) ¢ (interaction between area and precipitation during early nesting season
p(best) with additive sex effect) p(best structure from 2-9 above)
41, p(s + g + ENT) p (additive sex, area, and temperature during early nesting season) p(best
p(best) structure from 2-9 above)
42, p(s + g*ENT) ¢ (interaction between area and temperature during early nesting season
plbest) with additive sex effect) p(best structure from 2-9 above}
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APPENDIX H
Models used in the meia-analysis of A of Northern Spotted Owls in Washington, Cregen, and California.

Model form was the apparent survival and recruitment parameterization. Maodel notation for random effects (RE)
medels includes the general moedel on which the random effects model is based. The last six models at the bottom of
the list were developed o posterion after looking at the ranking of the a priori models,

Model structure®

o(g*) p(g*t) Ag*t): RE o (ECO) fECO)

@ (g*t) p(g*y flg*t): RE ¢ (g + BO;} fBO)

o {g*t) plg*t flg*t): RE @ {ECO) AOWN -+ ECO)

9 (g*t) p(g*t) Ag™t): RE ¢ (g + BO) fig -+ BO)

9 {g* p(g*t) fig™): RE ¢(g + BO) fig*BO)

@ (g*t) pe*t) fle*ty: RE ¢ (g) flg)

9{e*t) ple*t) flg*t: REg(g) Alg + TT)

pig*t) plg*n fig*t): RE (g + PDSI) flg + ENP + ENT)
o(g*) plg*t) fle*t): REg(g) flg + T)

9 (g*t) plg*t) flg*t): RE @ (g + PDSI) flg + LNP)

¢ (g™) ple*t) fig*): RE ¢ (g + PDSI) flg + PDSY)

o (g*t) plg*t) flz*): RE ¢fg + PDSI) fig + SOI + PDO}
o (g*%) ple*t) flig*): RE ¢{g) fig*T)

plgt) ple*t fg™): RE ¢ (g7T) fig)

P (e*t) plg*t) flg + 1)

@{g*t) p(g*t) le*t): RE 0 (g + PDSI) fig*LNP)

@ (g*t) pg*y) flig*t): RE ¢ (g + PDSI) flgPDST)

o (gt} plg*) flg™): RE ¢ (g) fIg*TT)

9 (g™ p(g*t) flg*t): RE ¢ (g + PDSI) flg*ENP + g*ENT)
¢ (g*1) p{g*t) fle*t): RE ¢ (g + PDST) flg*SO1 + g*PDO)
P {g*t) plg™t) fligsth RE (p{g*HABZ}ﬂg+HABZ + HAB3)
@ {g*t) p(g*) fig*ty: RE ¢ (g¥HAB2) flg"HAB3)

¢ (g™t plg*t) flg*t): RE 9 (g)

@ gt p(g"“t}f[g*t): RE ¢ (g*HAB2) fle*HAB2 + g*HAB3)
¢ g™t p(g™) fig*): RE o (g"IT)

@ (g*t) plg*t) flg*t): RE 9 (ECO)

o (g*y p(g*y) flg*t): REe (g + BO)

o{g*t) p(g*t) fig*t): RE @ (g*HAB2) flg + HAB2)

¢{g*1) plg*t) fig*t): RE @ (g + FDSI)

@ (e*t) plg*t) flg*th: RE ¢(BO)

@ (g*t) p(g't) fig"t): RE ¢ (OWN + ECO)

o{g*t) p(g*t) flg*t): RE ¢ (LAT)

o{g*) plgmy fig*): RE@(g + T)

o (2*t) plg*t) fig*t): RE {OWN)

¢ (g*1) p(g™t) Rg*t): RE ¢ (g*PDSI}

APPENDIX H (continued)
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Model structure®

o (g"t) p(g*t) flg™t): RE ¢ (g+SOI + PDO)

@ (8"t pg*t) flg*t): RE ¢ (g*T)

o (g*) p{g*t) flg*t): RE @ {g*BO)

o(g*t) ple™t) fle*): RE ¢{g + ENP + ENT)

P (g*t) pg*t) fig*t): RE ¢ (g¥SOI + g*PDO)
{e*t) p(g*t) fig*): RE 9 (g*HAB2)

9 (g*t) p{e*t) fig*t): RE ¢ (g*ENP -+ g*ENT)

P (g*t) plg*t) flg*t): RE g{g + HAB2)

@ (g*t) pig*t) flg*th REgp (g + TT)

¢{e*1) plg*t) fig*

P{e*t) p(g*t) fig*t): RE 9 (ECO + BO} fIECO)
@(g*t) p{g*t) fle*y): RE 9 (ECO + BO) IECO + BO)
9 (8" p(g*t) fle*t): RE ¢ {ECO) AECO*BO)

¢ {g*t) plg*y) flg*t): RE ¢ {(ECO*BO) fIECO*BO)
@ {g*t) p(g*t) fig*t): RE ¢ (ECO) IECO + BO)
o{g*t} p(g*t) flg*t): RE ¢ (ECO + BO) fIECO)

3 Model notation indicates structure for effects of study area (p), time (1), linear time trend (T), quadratic time trend {TT), ccoregion
{ECQ), proportion ol territories with Barred Owl detections {BO), land ownership {OWN}, early nesting season precipitation (ENP),
early nesting season temperature (ENT), Palmer Drought Severily Inclex (PDST), late nesting season precipitation {LNP}, Southern
QOscillation Index (SOI), Pacific Decadal Oscillation (PDO), percent cover of suitable owl hahitat within 2.4 km of owl activity centers

used in & analysis (HAB2), percent cover ol suitable owl hasitat within 23 km of owl activity conters used in A analysis, minus the area

of HAR2 (HAB3),
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5-YEAR REVIEW
Short Form Summary
Species Reviewed: Northern Spotted Owl (Strix occidentalis caurina)
Current Classification: Threatened

FR Notice announcing initiation of this review:

The U.S. Fish and Wildlife Service published in the Federal Register on November 24,
2010, a Notice initiating the 5-year status review for this species (75 FR 71726 ), and
reopened the public comment period for this 5-year review on April 20, 2011 (76 FR
22139).

Lead Region/Field Office:
Pacific Region
Sarah Hall, Chief, Division of Recovery — (503) 231-6868

Name of Reviewer(s):

Betsy Glenn, Oregon Fish and Wildlife Office, Northern Spotted Owl Specialist - (503)
231-6970.

Rollie White, Oregon Fish and Wildlife Office, Acting Assistant Project Leader — (503)
231-6179.

Methodology used to complete this 5-year review:

Review of science assessing the current status of the northern spotted owl (NSO) was
conducted in conjunction with development of the 2011 Revised Recovery Plan for the
Northern Spotted Owl. Development of the Revised Recovery Plan involved over 20
Fish and Wildlife Office staff reviewing NSO science, consultation with spotted owl
experts, input from working groups, scientific peer-review, and 2 public comment
periods. The Revised Recovery Plan addresses current status, population trends, threats
(including the five listing factors), recovery objectives, recovery criteria, and recovery
actions needed for this species.

Application of the 1996 Distinct Population Segment (DPS) Policy:
Not applicable. Not listed as a DPS.

Review Analysis:

Please refer to the 2011 Revised Recovery Plan for the northern spotted owl for a
complete review of the species status (including biology, population trends, and habitat),
threats, and recovery actions. The following is a summary of findings and
recommendations from the 2011 Revised Recovery Plan.

Reasons for Listing and Assessment of Threats

The Endangered Species Act identifies five listing factors for determining whether a
species merits Federal listing as threatened or endangered:

*This short form is to be used ONLY when there is no new information, or when the 5-year review is being
done concurrent with another range-wide status review (such as a 12-month finding on a delisting petition)
that completely addresses all the questions outlined in the standard 5-year review template. Attach a copy
of the final 12-month finding or other status review to this form.
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The present or threatened destruction, modification, or curtailment of its habitat or
range;

Overutilization for commercial, recreational, scientific, or educational purposes;
Disease or predation;

The inadequacy of existing regulatory mechanisms;

Other natural or manmade factors affecting its continued existence.

moOw

The northern spotted owl was listed as threatened throughout its range “due to loss and
adverse modification of spotted owl habitat as a result of timber harvesting and
exacerbated by catastrophic events such as fire, volcanic eruption, and wind storms”
(USFWS 1990). More specifically, threats to the spotted owl included low populations,
declining populations, limited habitat, declining habitat, inadequate distribution of habitat
or populations, isolation of populations within physiographic provinces, predation and
competition, lack of coordinated conservation measures, inadequacy of regulatory
mechanisms and vulnerability to natural disturbance (USFWS 1992). These threats were
characterized for each province as severe, moderate, low or unknown (USFWS 1992).
The range of the spotted owl is divided into 12 physiographic provinces from Canada to
northern California and from the Pacific Coast to the eastern Cascades. Declining habitat
was recognized as a severe or moderate threat to the spotted owl throughout its range,
isolation of populations was identified as a severe or moderate threat in 11 provinces, and
a decline in population was a severe or moderate threat in 10 provinces. Together, these
three factors represented the greatest concerns about range-wide conservation of the
spotted owl. Limited habitat was considered a severe or moderate threat in nine
provinces, and low populations was a severe or moderate concern in eight provinces,
suggesting that these factors were also a concern throughout the majority of the spotted
owl’s range. Vulnerability to natural disturbances was rated as low in five provinces.

The Service conducted a 5-year review of the spotted owl in 2004 (USFWS 2004), based
in part on the content of an independent scientific evaluation of the status of the spotted
owl (Courtney et al. 2004) performed under contract with the Service. For that
evaluation, an assessment was conducted of how the threats described in 1990 might have
changed by 2004. Some of the key ideas relative to threats identified in 2004 were: (1)
“Although we are certain that current harvest effects are reduced, and that past harvest is
also probably having a reduced effect now as compared to 1990, we are still unable to
fully evaluate the current levels of threat posed by harvest because of the potential for lag
effects” (Courtney and Gutiérrez 2004:11-7); (2) “Currently the primary source of habitat
loss is catastrophic wildfire, although the total amount of habitat affected by wildfires has
been small” (Courtney and Gutiérrez 2004:11-8); and (3) “We are convinced that Barred
Owls are having a negative impact on Spotted Owls at least in some areas” (Gutiérrez et
al. 2004:7-43) and “there are no grounds for optimistic views suggesting that Barred Owl
impacts on Northern Spotted Owls have been already fully realized” (Gutiérrez et al.
2004:7-38).

On June 1, 2006, the Service convened a meeting of seven experts to help identify the
most current threats facing the species. Six of the seven were experts on the biology of
the spotted owl, and a seventh was an expert on fire ecology. The workshop was
conducted as a modified Delphi expert panel in which the seven experts scored the



severity of threat categories. The baseline assumption of this meeting was that existing
habitat conservation strategies (e.g., the NWFP) would be in place. With that
assumption, the experts identified and ranked threats to the spotted owl. The 2007
Recovery Team then had an opportunity to interact with them to discuss their individual
rankings and thoughts on spotted owl threats. The experts re-ranked the threats if they
felt this was relevant given the substance of the discussion.

These experts identified past habitat loss, current habitat loss, and competition from
barred owls as the most pressing threats to the spotted owl, even though timber harvest
recently has been greatly reduced on Federal lands. They noted that evidence of these
three threats is presented in the scientific literature. The range of threat scores made by
the individual experts was narrowest for barred owl competition and slightly greater for
habitat threats, indicating that there was more agreement about the threat from barred
owls. The experts identified disease and the effect of climate change on vegetation as
potential and more uncertain future threats.

The experts also ranked the threats by importance in each province. Among the 12
physiographic provinces, the more fire-prone provinces (Eastern Washington Cascades
and Eastern Oregon Cascades, California Cascades, Oregon and California Klamath)
scored high on threats from ongoing habitat loss as a result of wildfire and the effects of
fire exclusion on vegetation change. West-side provinces (Western Washington
Cascades and Western Oregon Cascades, Western Washington Lowlands, Olympic
Peninsula, and Oregon Coast Range) generally scored high on threats from the negative
effects of habitat fragmentation and ongoing habitat loss as a result of timber harvest.
The province with the fewest number of threats was Western Oregon Cascades, and the
provinces with the greatest number of threats were the Oregon Klamath and the

Willamette Valley.
(end excerpt)

Between 2006 and 201 I, additional scientific research has indicated that northern spotted
owl populations have continued to decline at a rate of 2.7% per year, with declines being
associated with both habitat loss and barred owl presence (Forsman et al. 2011). The
northern spotted owl is doing poorer than at the time of the last 5-year review, and
observed population declines indicate an increased possibility for this species to become
endangered in the future. At this time, we do not know what the outcome of barred owl-
spotted owl competition will be. Barred owls generally have a greater negative impact on
spotted owls in northern areas; however, the relationship between the two species is
highly variable across range of the northern spotted owl. While populations are
declining, spotted owls are still present across the majority of the species range.

Given the declining population trends, habitat loss, and threats from barred owls, the
northern spotted owl meets the definition of a threatened species. The term "threatened
species” means any species which is likely to become an endangered species within the
foreseeable future throughout all or a significant portion of its range. The term
"endangered species" means any species which is in danger of extinction throughout all
or a significant portion of its range.



Recommendations for Future Actions:

The 2011 Revised Recovery Plan identifies 33 Recovery Actions that have been
developed to meet Recovery Objectives and Criteria. The recovery objectives of the
2011 Revised Recovery Plan for the northern spotted owl include the following:

1. Spotted owl populations are sufficiently large and distributed such that the species
no longer requires listing under the ESA;

2. Adequate habitat is available for spotted owls and will continue to exist to allow
the species to survive without the protection of the ESA; and

3. The effects of threats have been reduced or eliminated such that spotted owl
populations are stable or increasing and spotted owls are unlikely to become
threatened again in the foreseeable future.

Recovery Criteria include the following:

Recovery Criterion 1 — Stable Population Trend: The overall population trend of
spotted owls throughout the range is stable or increasing over 10 years, as measured by a
statistically reliable monitoring effort.

Recovery Criterion 2 — Adequate Population Distribution: Spotted owl
subpopulations within each province (i.e., recovery unit) (excluding the Willamette
Valley Province) achieve viability, as informed by the HexSim population model or some
other appropriate quantitative measure.

Recovery Criterion 3 — Continued Maintenance and Recruitment of Spotted Owl
Habitat: The future range-wide trend in spotted owl nesting/roosting and foraging
habitat is stable or increasing throughout the species range, from the date of Revised
Recovery Plan approval, as measured by effectiveness monitoring efforts or other reliable
habitat monitoring programs.

Recovery Criterion 4 — Post-delisting Monitoring: To monitor the continued stability
of the recovered spotted owl, a post-delisting monitoring plan has been developed and is
ready for implementation within the States of Washington, Oregon, and California, as
required in section 4(g)(1) of the ESA.

Recovery actions developed to meet these objectives and criteria include increased
protection of spotted owl sites and habitat, encouraging forest management practices that
will develop future spotted owl habitat, examination of effectiveness of removing barred
owls from areas to enhance spotted owl recovery, and continued demographic monitoring
of spotted owl populations to assess effectiveness of recovery actions.
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CLIMATE, HABITAT QUALITY, AND FITNESS IN NORTHERN SPOTTED
OWL POPULATIONS IN NORTHWESTERN CALIFORNIA

ALAN B. FRANKLIN,%23 DAVID R. ANDERSON,! R. J. GUTIERREZ,2 AND KENNETH P. BURNHAM?

1Colorado Cooperative Fish and Wildlife Research Unit, Colorado State University, Fort Collins, Colorado 80523 USA
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Abstract. A controversy exists in the Pacific Northwest of the United States between
logging of old-growth coniferous forests and conservation of Northern Spotted Owl (Strix
occidentalis caurina) populations. This species has a strong association with old-growth
forests that also have economic value as timber. Research questions relevant to conservation
of this species include how temporal trends in Northern Spotted Owl populations are
influenced and how spatial configuration of old-growth forests affects these populations.
To address these questions, we studied a population of marked Northern Spotted Owls on
95 territories in northwestern California from 1985 through 1994. We examined the mag-
nitude of temporal and spatial variation in life history traits (survival, reproductive output,
and recruitment), the effects of climate and |andscape characteristics on temporal and spatial
variation in these traits, respectively, and how this variation affected aspects of population
dynamics. We used a components-of-variation analysis to partition sampling from process
variation, and a model selection approach to estimate life history traits using capture—
recapture and random-effects models. Climate explained most of the temporal variation in
life history traits. Annual survival varied the least over time, whereas recruitment rate
varied the most, suggesting a ‘‘bet-hedging’’ life history strategy for the owl. A forecast
of annual rates of population change (\), estimated from life history traits, suggested that
Northern Spotted Owl populations may change solely due to climate influences, even with
unchanging habitat conditions. In terms of spatial variation, annual survival on territories
was positively associated both with amounts of interior old-growth forest and with Iength
of edge between those forests and other vegetation types. Reproductive output was nega-
tively associated with interior forest, but positively associated with edge between mature
and old-growth conifer forest and other vegetation types. A gradient existed in territory-
specific estimates of fitness derived from theselife history estimates. Thisgradient suggested
that a mosaic of older forest interspersed with other vegetation types promoted high fitness
in Northern Spotted Owls. Habitat quality, as defined by fitness, appeared to buffer variation
in annual survival but did not buffer reproductive output. We postulated that the magnitude
of N\ was determined by habitat quality, whereas variation of A was influenced by recruitment
and reproductive output. As habitat quality declines, variation in N\ should become more
pronounced.

Key words:  California; climate effects; components of variation; environmental stochasticity;

fitness; fragmentation; habitat effects; habitat mosaics, model selection; Northern Spotted Owl; pop-
ulation rates of change; Strix occidentalis caurina.

INTRODUCTION

The Northern Spotted Owl (Strix occidentalis caur-
ina) is amedium-sized owl that inhabits conifer forests
of the Pacific Northwest, including northwestern Cal-
ifornia, USA (Forsman et al. 1984, Gutiérrez et al.
1995). Pairs of Northern Spotted Owls occupy large
home ranges (=1200 ha), portions of which are actively
defended against conspecifics (see review in Thomas
et al. 1990). This species exhibits strong affinities for
mature and old-growth forests (reviewed in Thomas et
al. 1990), and may incorporate large tracts (=400 ha)
of these forests into its home range (Forsman et al.

Manuscript received 23 April 1998; revised 17 July 1999;
accepted 24 October 1999; final version received 15 November
1999.

3 E-mail: alanf@cnr.col ostate.edu

1984, Carey et al. 1990, Solis and Gutiérrez 1990).
Thus, mature and old-growth coniferous forest has been
considered equivalent to Northern Spotted Owl habitat
(see Thomas et al. 1990). Forests potentially suitable
for spotted owls in the Pacific Northwest have declined
by 61% since the 18th century because of logging; most
of thisdecline hasoccurred inthelast 60 yr (U.S. Forest
Service 1992). In addition to reduction in size, once-
contiguous blocks of mature and old-growth forests
have become increasingly fragmented into mosaics of
different seral stages.

A magjor conflict developed in managing spotted owl
populations because of the high economic value of the
remaining timber present within spotted owl habitat
(Dixon and Juelson 1987). This conflict escalated when
the Northern Spotted Owl was federally listed as a
threatened subspecies in 1990 (U.S. Fish and Wildlife
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Service 1990). Various assessments predicted declines
among females in Northern Spotted Owl populations
(Marcot and Holthausen 1987, Lande 1988, Noon and
Biles 1990, Franklin 1992). Compelling evidence in-
dicated that population declines were a function of loss
of mature and old-growth forests (U.S. Fish and Wild-
life Service 1990).

Long-term research questions regarding Northern
Spotted Owls have been based primarily on conser-
vation agendas. Such questions include: *“What influ-
ences population trends in Northern Spotted Owls over
time?’ and ‘“How does the spatial distribution and ex-
tent of mature and old-growth forests affect Northern
Spotted Owl populations?”’ (after Noon and McKelvey
1996). These and other questions regarding Northern
Spotted Owl populations can be addressed with em-
pirical data because demographic parameters for this
species are relatively easy to estimate from field data,
compared with most avian predators (see Franklin et
al. 1996a). In this paper, we attempted to address these
questions by examining (1) the magnitude of variation
in life history traits, (2) the factors that may influence
variationin life history traits, and (3) how thisvariation
might affect population dynamics.

The role of variation in population dynamics

Populations of organisms, and the life history traits
that characterize them, vary over space and time. Un-
derstanding this variation is necessary for understand-
ing life history strategies and population dynamics, as
well as for developing conservation strategies (Rhodes
and Odum 1996). In addition to spatial and temporal
variation, individuals within populations also vary in
their abilitiesto cope with their environment (L omnicki
1988). Thus, three sources of variation—temporal, spa-
tial, and individual—affect population dynamics and
the life history traits (e.g., survival, reproductive out-
put, and recruitment) that define those dynamics. These
sources of variation are also important for determining
population persistence over time and space (White
2000). In this paper, we concentrate only on temporal
and spatial variation. Although we consider individual
attributes, such as age and sex, we do not incorporate
individual variation resulting from phenotypic and ge-
netic variation.

There are important considerations regarding spatial
and temporal variation in biological systems. First, a
distinction must be made between process variation
(03 0cesd)» the variation in a given parameter (6) over
time and space, and sampling variation (var(6|6)), the
variation attributable to estimating a parameter from
sample data (Box et al. 1978, White 2000). Here, we
are interested in the natural variability, estimated as
process variation, of life history traits and measures of
fitness. Sampling variation is of little interest, except
that it must be properly dealt with to estimate process
variation.

If no sampling variation is associated with parameter
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values measured over time or space, then process var-
iation can be estimated as follows:

52 —} N — 0)2
Uproce&s_ n;(ei e) (l)

(Burnham et al. 1987). However, parameters such as
life history traits are never measured without sampling
variance, although sampling variance is often ignored.
Therefore, the total variation (o) estimated in a set
of parameter estimates over time or space is a com-
bination of process and sampling variation, which can
be generally viewed as follows (Skalski and Robson
1992):

&tzotd = &grocees + W(é | 9) (2)
Typically, the relationship in Eq. 2 becomes more com-
plex as process or sampling variation is temporal, spa-
tial, or both (see Burnham et al. 1987). Process vari-
ation in population parameters can be further decom-
posed into additional components of interest, such as
temporal and spatial process variation, where

= 0-tzecrnporal + 0-gpatial- (3)

Such decomposition of variance components is termed
components of variance analysis (Box et al. 1978, Sear-
le et al. 1992). Although knowing the relative mag-
nitude of temporal and spatial variance componentsis
necessary to understand population dynamics, the fac-
tors that cause temporal and spatial variation are also
important, especially for understanding ecological re-
lationships and developing conservation strategies. If
climate and habitat quality are considered to be useful
starting points for examining the determinants of tem-
poral and spatial variation, respectively (see Climate
and temporal variation and Habitat quality and spatial
variation), a sound, statistically based model can be
developed that relates these factorsto life history traits
using meaningful covariates. Once such models are de-
veloped, process variation can be partitioned as

2
O process

U;%rm = 020t T Olesiaua (4)
where 03, IS either temporal or spatial process var-
iation in alife history trait; 02,4 1S the amount of that
process variation theoretically explainable by some
model incorporating the factors thought to be respon-
sible for that variation; and o244 IS the amount of
0Z0cess NOt explained by the model. For example, ex-
plainable variation in temporal process variation due to
climatic factors can be viewed as 62,00 = OZimae +
O2auar Where 0244, 1S the amount of temporal variation
not explained by climatic factors in the model.

Once an understanding of the magnitude of process
variation in life history traits and the factors that affect
it has been achieved, an approach relating this process
variation to overall population dynamics is needed. We
chose the finite rate of population change (\) as the
common currency to relate temporal variation to pop-
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ulation growth rates (Caswell 1989a) and spatial var-
iation to fitness (Caswell 1989b, McGraw and Caswell
1996). Ricklefs (1983) and Nur (1987) suggest that the
finite rate of population change (\) is a good estimate
of fitness because it explicitly incorporates age-specific
survival and fecundity. Although interpretations of A
may differ slightly when it is used as a measure of
population growth rate or as fitness, at least the effects
of temporal and spatial variation can be compared using
the same metric. For example, the finite rate of pop-
ulation change can be viewed as the average fitness
across individuals within a year, as well as the growth
rate of the population (Danchin et al. 1995).

Climate and temporal variation

Temporal variation is important in defining life his-
tory tactics and understanding the evolutionary pro-
cesses that may shape life history traits. Much of life
history theory ignores the influence of temporal vari-
ation when, in fact, the influence of temporal variability
on life history traits, such as survival and recruitment,
can have different consequences for life history tactics
(Stearns 1976, 1992). The effect of temporal variation
on life history tactics depends on several factors such
as the amount of variation, the covariation among life
history traits, the life history being considered, and
factors that also affect long-term rates of population
change (Tuljapurkar 1989, Benton and Grant 1996).

Temporal variation in population dynamics is often
represented as environmental stochasticity, a nearly
continuous series of perturbations over time that si-
multaneously affect birth and death rates of all indi-
viduals in a population (Shaffer 1987, Lande 1993).
Extremes in environmental stochasticity are viewed as
random catastrophic events when they produce sudden
and large reductions in population size (Mangel and
Tier 1993). Environmental stochasticity can accelerate
the risk of extinction even in large populations (Good-
man 1987, Shaffer 1987), especialy in populations
whose long-term growth rate is near zero (Lande 1993).
However, understanding how environmental stochas-
ticity affects population processes and extinction prob-
abilities requires an understanding of the effects of en-
vironmental stochasticity on organisms (Boyce 1992).
Models attempting to approximate population process-
es have progressed from simple, deterministic formsto
increasingly complex, stochastic forms that induce ran-
dom temporal variation on model parameters. Popu-
lation viability analyses, in particular, incorporate
forms of environmental stochasticity when predicting
the probability of persistence of a given population.
However, Boyce (1992) points out that environmental
stochasticity is usually approximated poorly in such
models because it is represented as unstructured, ran-
dom noise rather than as a structured temporal process.
If environmental stochasticity is, inreality, astructured
process, then it becomes predictable to some degree
and should no longer be represented as random noise.
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This implies that changes in temporal conditions can
be explained in some manner. Thus, thereisareal need
for empirical understanding of whether environmental
stochasticity can be represented as structured variation,
and how this variation affects populations, especially
through its influence on life history traits.

Climatic variation is one structured source of tem-
poral variation that may affect avian populations
through its influence on life history traits, largely in a
density-independent manner (Boyce 1984). Extremes
in climatic variation also can function as catastrophic
events and have been associated with sudden large-
scale mortality in avian populations (Tompa 1971,
Johnson et al. 1991, Rogers et al. 1991, Smith et al.
1991). Most studies have focused on the effect of cli-
matic variation on reproductive output (Kostrzewa and
Kostrzewa 1990, 1991, Rotenberry and Wiens 1991,
Cooper and Lutjeharms 1992, Dykstra and Karasov
1993, Neal et al. 1993, Swenson et al. 1994), with less
emphasis on the effect of this variation on survival
(e.g., Martinson and Grondahl 1966, Peach et al. 1994,
Cézilly et al. 1996). Few studies empirically examine
the effects of climate, as a source of temporal variation,
on the collective suite of life history traits of a single
avian species (but see Grant and Grant 1989, Jouventin
and Weimerskirch 1991), and the overall influence of
such variation on population growth rates.

Rotenberry and Wiens (1991) identify two major
scales over which climatic variation could affect life
history traits: within-year effects reflecting day-to-day
variation, and among-year effects attributed to varia-
tion over larger temporal and spatial scales. In this
study, we deal solely with among-year effects asamea-
sure of temporal variation. When considering annual
temporal variation, one can express the total variation
(0 in an estimated life history trait (8) as oZmpoa +
var(d|0) in its simplest form, where O &mpora 1S temporal
process variation (the variance of the parameter 6
among years) and var(f|0) is the mean sampling vari-
ation due to estimation of 6 within years. Temporal
process variation can be partitioned further into vari-
ation due to climate (¢3;mae) @nd residual, unexplained
variation (o24q,4) Such that

2 = 2 2
Otempora = O climate + O'residual* (5)

If climate is a primary mechanism governing temporal
variation, then o¢3..e Should be large relative to
o24qu: the reverse suggests that other influences are
responsible for temporal variation.

When estimating the effects of climatic variation on
Northern Spotted Owl populations, we addressed three
guestions in a step-wise fashion, using 10 yr of data
on marked spotted owls in northwestern California.
First, we asked: What is the magnitude of temporal
process variation in key life history traits of Northern
Spotted Owls? We approached this question by esti-
mating 02,4 IN Capture—recapture estimates of sur-
vival, recruitment (the number of new individuals in
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the population per individual from the previous year),
and reproductive output (the number of young fledged
per pair), using components of variance analysis that
accounted for sampling variance in the parameter es-
timates. Second, we asked: Is temporal process vari-
ation explained primarily by climatic variation? That
is, does 634 €Xplain alarge portion of 62,4 Finally,
we asked: What are the long-term consequences of cli-
matic variation on population growth and stability if
climatic variation strongly influenceslife history traits?
We evaluated this last question by applying climate
models describing variation in life history traits and
rates of population change to a 30-yr climate trace. In
this way, we attempted to assess the probable behavior
of these climate models in describing temporal varia-
tion, given that selected climate models were reason-
able approximations of nature.

Habitat quality and spatial variation

Habitat for a particular organism can be defined as
an area with the combination of resources and envi-
ronmental conditions necessary to allow occupancy,
survival, and reproduction of individuals (Morrison et
al. 1992). Habitat use by an organism can be described
at four nested scales (Johnson 1980): the overall geo-
graphic range of the species, the homerange or territory
within the geographic range, various habitat compo-
nents within the territory, and specific foraging loca-
tions within those habitat components. This study fo-
cuses on the territory scale, specifically in terms of
macrohabitat (Block and Brennan 1993): the extent and
configuration of vegetation stands within territories.

Habitat occupied by a particular species often spans
a gradient from low to high quality, in which quality
can be defined based on the habitat’s effect on the sur-
vival and reproductive performance of individuals oc-
cupying particular grades of habitat. High-quality hab-
itat promotes some combination of survival and repro-
ductive performance that increases an individual’s con-
tribution to future generations (Van Horne 1983). As
such, habitat is a key component in shaping an indi-
vidual’s fitness. Individual fithess can be loosely de-
fined as a composite measure of reproduction and sur-
vival (Stearns 1992): a measure of the relative genetic
contribution by an individual to the next generation
(Charlesworth 1970, Nur 1987). Fitness is generally
considered to be an individual measure; as an individ-
ual’s probability of survival and offspring production
increases, so does its fitness. However, Fretwell and
Lucas (1970) combined the concepts of habitat and
individual fitness into the idea that habitat quality con-
fers fitness on individuals where the quality of habitat
occupied by individuals of a given species is related
to the average potential contribution from that habitat
to the gene pool of succeeding generations. According
to density-dependent habitat selection, individuals
should occupy only habitats that maximize their fitness
(Morris 1989). Wiens (1989a:301) referred to this ef-
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fect of habitat quality on an individual as the fitness
potential of habitat, denoted here as \,,. However, \,
can be a reflection of either habitat quality or some
interaction between the individual and the habitat it
occupies (Newton 1989a). At two extremes, individual
fitness and fitness realized only when an individual
occupies acertain habitat can be either additive or com-
pensatory. If additive, \, isacombination of individual
fitness and realized fitness that may also include in-
teractions. If compensatory, then individual fitness is
only realized when some optimal habitat is occupied;
Ny is then a direct measure of individual fitness. In
either case, habitat fitness potential is a useful measure
for both defining the quality of an animal’s habitat and
determining the relative contributions to the overall
population of individuals occupying those habitats.

For territorial species, two competing theories of
habitat selection have been proposed to explain how
habitat quality affects habitat fitness potential in ter-
ritorial species: the ideal-free distribution and theideal -
despotic distribution (Fretwell and Lucas 1970). Under
the ideal-free distribution, high-quality habitats are oc-
cupied first. Asthe density of individualsincreases, the
fitness potential of high-quality habitats declines be-
cause of density-dependent influences and habitats of
lesser quality are occupied. Habitat fitness potential in
lower quality habitat now becomes equivalent to that
of the high-quality habitat. When the entire habitat
quality gradient is occupied, habitat fithess potential
becomes similar across the whole gradient. Under the
ideal-despotic distribution, habitat selection is con-
strained by the activities of dominant individuals.
Dominant individual s achieve higher habitat fitness po-
tential by occupying higher quality habitats, whereas
less dominant individuals are relegated to lower quality
habitat. In both distributions, ‘‘ideal’ refers to the as-
sumption that individuals have the dispersal and cog-
nitive abilities to locate the best available territory
(Pulliam and Danielson 1991).

If the gradient of all potentially suitable habitats for
a species is assumed to be fully occupied, then a pre-
diction from the ideal-free distribution is that habitat
fitness potential among territories exhibiting different
habitat characteristics should be relatively uniform
(Morris 1989); spatial process variation (the variation
among territories) in habitat fitness potential should be
essentially zero. Under the ideal-despotic distribution,
habitat fitness potential should be unequal among ter-
ritories of differing habitat configurations; spatial pro-
cess variation should be greater than zero. Whether a
species follows the ideal-free or ideal-despotic model
has important implications for population dynamics.
Under the ideal-free distribution, individuals are as-
sumed to have similar individual fitness (Fretwell and
Lucas 1970); fitnessisafunction of habitat and density.
However, under the ideal-despotic distribution, indi-
viduals in high-quality habitat are inherently more fit;
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fitness is a function of both the individual and the hab-
itat it occupies.

Infield studies, fithess, whether individual or habitat-
realized, is often poorly defined using either surrogate
indices (such as behavioral responses) or only asingle
component (such as survival, reproduction, or some
index of either) to represent fitness (Nur and Clobert
1988). However, fitness is a function of both survival
and reproduction. Variation in external factors (such as
habitat) can affect each of these components differ-
ently, with different combinations yielding different
fitness values.

Here, we attempt to address a series of questions
relating landscape habitat configuration in spotted Owl
territories to survival, reproduction, and, ultimately,
fitness. We examine spatial process variation in terms
of habitat quality, ignoring the influence of temporal
variation discussed previously. First, we address
whether Northern Spotted Owl survival and reproduc-
tive output vary with respect to landscape habitat co-
variates at the individual territory scale. Noon and
McKelvey (1996) considered that a within-population
scale, with reproductive pairs as the sampling unit, was
more relevant than a between-subpopulations scale for
assessing relationships between demography and hab-
itat in Northern Spotted Owls. Here, we are particularly
interested in the effects of fragmentation of mature and
old-growth forest on life history traits and fitness of
Northern Spotted Owls. We define fragmentation as the
conversion of continuous patches into smaller patches
surrounded by a matrix of other vegetation types (after
Wiens 1989b). Second, we ask whether a compromise
exists in these components of fitness. Does one habitat
element favor survival and another favor reproductive
output, or isthere aunifying habitat element that favors
both? Third, isthere spatial processvariation in fitness,
or is fitness relatively uniform across territories? In
other words, does spatial variation in fitness among
Northern Spotted Owl territories follow an ideal-free
or an ideal-despotic distribution?

When considering only spatial variation, estimated
variation (6) in estimates of fitness can be approxi-
mated as 62 = 6244 + Var(Ay|\y), Where 62, is the
estimated spatial process variation of fitness among
territories, and var (A, | \,,) is average estimated sam-
pling variation due to estimating fitness. Given some
model and measures of habitat, spatial process varia-
tion can be further expressed as

Ofavita T Olesicua (6)

where o2, 1S the spatial process variation of fitness
attributed to habitat differences among territories; and
024qua 1S residual variation attributed to other factors,
such asindividual variation. Similarly, variation in sur-
vival and reproductive output, the components of fit-
ness, can be estimated. Understanding variation in fit-
ness among spotted ow! territories provides insights
into how differencesin habitat quality influence spotted
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owl populations, and into conservation strategies to
manage those populations.

Influences of climate and habitat
on population dynamics

Blondel (1991) suggests that effects of extreme cli-
matic events may be overcome by habitat heteroge-
neity, in which high-quality habitat buffers some in-
dividuals from such extreme events. This concept of
buffering by high-quality habitats has little empirical
support except for Van Horne et al. (1997), who found
differential demographic responses to a drought and a
prolonged winter by Townsend’'s ground squirrels
(Spermophilus townsendii) in two different habitats.

Strategies proposed for organisms dealing with both
climatic and habitat variation include short-term re-
sponses, such as large-scale spatial shifting of popu-
lations within alandscape in response to temporal shifts
in climate (Karr and Freemark 1983, Kindvall 1995),
and long-term, adaptive responses, such as increasing
longevity of individuals to encompass as much tem-
poral variation as possible, thus ensuring that a number
of ““good’” years will be included in an individual’s
life-span (Newton 1989b). In the first strategy, popu-
lation responses are based on changes in habitat quality
for a given species in relation to climate; changes in
climate alter habitat quality and individuals move in
response to those changes. The second strategy as-
sumes that habitat quality is more stable over time and
that organisms are responding to this habitat stability
in the face of temporal variation. Although the first
strategy is probably irrelevant for nonmigratory, ter-
ritorial species such as the Northern Spotted Owl, the
second strategy is relevant for territorial species. A
third strategy is that individuals should compete for
habitats that dampen climatic variation, if climatic var-
iation is important in determining variation in life his-
tory traits. Thislatter hypothesisisparticularly relevant
to territorial species and incorporates protection from
extremesin climatic variation asacomponent of habitat
quality.

Regarding effects of climate and habitat in popula-
tion dynamics, we first asked the question: What pro-
portion of the total process variation in life history
traitsis explained by variation in climate, habitat, and
other unknown factors? For example, does climate ac-
count for only a minor proportion of the variation in
survival and reproductive output, or does it contribute
a proportion similar to that contributed by habitat? In
addition, we examined whether there was sufficient re-
sidual process variation not accounted for by either
habitat or climate that may be caused by other factors
not examined in this study. We then asked the question:
Are survival and reproductive output impacted by an
interaction between climate and habitat variation?
This can be rephrased as: Do territories containing
habitat that promotes high survival and reproduction
buffer the occupants of those habitats from extremes
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Fic. 1. Location of the Willow Creek study area (hatched area), satellite Northern Spotted Owl sites (dots), and weather

stations (stars) in northwestern California.

in climatic variation? An interaction between habitat
and climate would be expressed in which individuals
occupying territories with ‘‘good” habitat quality
maintain higher survival and reproduction during pe-
riods of ‘““bad”’ climatic extremes than do those indi-
viduals occupying territoriesof “‘inferior’” habitat qual-
ity. Both of these questions are relevant to conservation
strategies because habitat variation can, theoretically,
be controlled and predicted to some extent, whereas
climate variation cannot. In addition, we evaluated
what roles climatic and habitat variation may play in
the population dynamics of Northern Spotted Owils.

StubpyY AREA

We studied Northern Spotted Owls within a 10 000-
km? areain the North Coast Range and Klamath Moun-
tains of northwestern California, USA (Fig. 1) that in-

cluded portions of three National Forests and isolated
parcels administered by the Bureau of Land Manage-
ment. Within this area, a 292-km? study area, near Wil-
low Creek, Humboldt County, California, was estab-
lished and was systematically surveyed each year from
1985 through 1994 to estimate density of Northern
Spotted Owls (Franklin et al. 1990). The Willow Creek
study area contained 49 Northern Spotted Owl sites
(areas where owls exhibited territorial behavior sensu
Franklin et al. 1996a). Twelve 10—-30 km? satellite sur-
vey areas were also used, containing an additional 41
owl sites. These satellite areas were selected to increase
sample size over a wider geographic area, and were
surveyed from 1987 through 1994.

Elevations in the study area ranged from 200 to
1700 m. The study areawas located within the Klamath
physiographic province (Kichler 1977), which has
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Fic. 2. Seasonal variation in climate in northwestern California. Data are means with 95% confidence intervals for nine

weather stations distributed within the study area (see Fig. 1) from April 1954 through April 1994.

unique characteristics not found in other parts of the
Northern Spotted Owl’s range. This physiographic
province encompassed southern Oregon and northern
California, where forests were generally characterized
by 3-5 major conifer species, often mixed with several
hardwood species. Early-seral stages were often dom-
inated by hardwoods, whereas older seral stages were
dominated by a conifer overstory, a midstory of hard-
wood trees, and an understory of hardwood shrubs. As
elevations increased, forested stands tended to be dom-
inated solely by conifers. Below 1200 m, forests were
dominated by a Douglas-fir (Pseudotsuga menziesii)
overstory and a hardwood subcanopy dominated by
madrone (Arbutus menziesii), tanoak (Lithocar pus den-
siflora), and canyon live oak (Quercus chrysolepis).
Above 1200 m, forests were dominated by white fir
(Abies concolor) associated with pines (Pinus spp.).
Because of differing site qualities, pure hardwood
stands also occurred, dominated by Oregon white oak
(Quercus garryana), tanoak, or canyon live oak. Whit-
taker (1960) considered this forest region to be one of
the most complex and diverse in the western United
States, because of this blend of conifer and hardwood
Species.

The climate was mediterranean (Mgjor 1977), char-
acterized by cool, wet winters and hot, dry summers
(Fig. 2). The growing season for vegetation was limited
by the cool temperatures in winter and lack of precip-
itation during the summer. This climate was subject to

periodic droughts at 10-15 yr intervals (Major 1977).
The Klamath physiographic province has the highest
patterns of lightning strikes in the Pacific Northwest;
and pre-settlement fire-return rates averaged 11-20 yr
at lower elevations and 37 yr at higher elevations (Agee
1993). Most pre-settlement fire appeared to be of low-
to-moderate severity, resulting in hardwood understory
removal, but retention of large overstory trees. High-
severity fires, resulting in removal of most overstory
trees, occurred infrequently (Agee 1993). Hardwood
brush often became established first after severe fires,
and could persist for decades before coniferseventually
dominated (Thornburgh 1982).

Since the exclusion of fire by intentional suppres-
sion, logging has had the greatest influence on forests
in this region (Beardsley and Warbington 1996). Log-
ging patterns of mature and old-growth coniferous for-
ests are similar to those in Oregon, which Spies et al.
(1994) described as follows. Dominant silvicultural
practices are to develop even-aged plantations, pri-
marily of Douglas-fir (Pseudotsuga menziesii), in adis-
persed fashion. This is achieved primarily through
clear-cutting in regularly shaped blocks of ~16 ha,
although earlier clear-cutting practices led to clearcuts
of 32-41 ha. Hardwood species that become estab-
lished after clear-cutting are usually removed through
thinning. Logging on public lands began in the 1960s
in our study area. In the 1930s and 1940s, =56% of
productive coniferous forest land in California was
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considered to be old growth prior to commercial log-
ging on public lands (Bolsinger and Waddell 1993).
Approximately 31% of the four National Forests in
northwestern California is now covered by mature and
old-growth conifer forests, defined as having trees >53
cm diameter at breast height (Beardsley and Warbing-
ton 1996). Much of the remaining old-growth in the
Pacific Northwest is on National Forests within the
Klamath Mountains province in southern Oregon and
northwestern California, USA (Bolsinger and Waddell
1993).

STUDY SPECIES

Previous studiesin our study area have demonstrated
a strong association between Northern Spotted Owls
and mature and old-growth forests at the scales of (1)
home ranges within the geographical distribution
(Blakesley et al. 1992, Hunter et al. 1995), and (2)
habitat components within home ranges (L ahaye 1988,
Solis and Gutiérrez 1990).

The primary prey of spotted owls in the study area
are, in decreasing importance: dusky-footed woodrat
(Neotoma fuscipes), northern flying squirrel (Glauco-
mys sabrinus), red tree vole (Phenacomys longicau-
dus), and deer mice (primarily Peromyscus manicula-
tus) (see Franklin 1997). Neotoma and Glaucomys are
the most important prey taken, in terms of both fre-
quency and biomass. Based on anumber of studieswith
similar climatic regimes (Howell 1926, Linsdale and
Tevis 1951, Tevis 1956, Sadleir 1974, Van Horne 1981,
Wells-Gosling and Heaney 1984, Carey 1991, Witt
1991), these four prey species reproduce primarily in
the spring and early summer. Breeding seasons of prey
are probably determined by availability of high-quality
forage during the spring. The primary plant species
providing forage for Northern Spotted Owl prey in the
spring are oaks, conifers, and hypogeous fungi. Neo-
toma forages heavily on evergreen schlerophyll veg-
etation, such as tanoak and Quer cus speciesin northern
California(Linsdale and Tevis 1951, Atsatt and Ingram
1983). In southwestern Oregon, Glaucomys eats al most
exclusively hypogeous fungi (Maser et al. 1986),
whereas Phenacomys feeds exclusively on conifer nee-
dles, principally from Douglas-fir (Howell 1926, Carey
1991). Peromyscus consumes primarily conifer seeds
in spring (Jameson 1952, Tevis 1956). In general, phe-
nology of important plant species coincides with the
breeding seasons of spotted owl prey. Leaf production
for oaks and conifers (Douglas-fir) begins in early
spring (Burns and Honkala 1990). Flower production
for oaks and other hardwoods extends from May
through August, whereas seed production occurs be-
tween August and November (Burns and Honkala
1990), providing important food sources for overwin-
tering Neotoma and Peromyscus. Sporocarp biomass of
hypogeous fungi used by Glaucomys is highest in
March—September (Luoma et al. 1991).

Thereis conflicting evidence as to whether Northern
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Spotted Owls are dependent primarily on interior ma-
ture and old-growth coniferous forest, are edge depen-
dent, or are dependent on a mixture of interior habitat
and edge. Neotoma attainsits highest densitiesin early-
seral stages where dense hardwood brush is abundant,
and achieves low densities in mature and old-growth
forests (Sakai and Noon 1993). Other small mammals
important in the diet of Northern Spotted Owls are also
found in higher densities in early- to mid-seral stages
(Raphael 1988). For this reason, Carey and Peeler
(1995) suggest that the mixed-conifer forests of the
Klamath Mountains have the greatest diversity and bio-
mass of prey for Northern Spotted Owls. In northern
California, Zabel et al. (1995) found spotted owls for-
aging near edges of late- and early-seral stage forests
more often than expected. Ward et al. (1998) reported
that woodrat abundance was greatest at spotted owl
foraging sites at the ecotone between late- and early-
seral stages. Thus, there is a dichotomy between the
strong association for spotted owls with late-seral stage
forests and the primary prey source for owls that are
associated with early-seral stages.

The link between older forests and life history traits,
such as survival and reproductive output, is currently
tenuousin Northern Spotted Owls. Using turnover rates
as an index of survival, Bart and Earnst (1992) found
that persistence of adults was significantly correlated
with the proportion of mature and old-growth forest
within Northern Spotted Owl territories. Bart and Fors-
man (1992) and Ripple et a. (1997) found similar pos-
itive correlations between amounts of mature and old-
growth forest and reproductive output in Northern
Spotted Owls, on the scal e of aggregations of territories
and individual territories, respectively. However, in all
cases, relationships with other habitat configurations
were not considered, and Bart and Earnst (1992) and
Ripple et al. (1997) used indices of life history traits,
rather than direct parameter estimates. In addition, the
link between habitat and fitness is still lacking. The
problem with studies that examine only the components
of fitness (survival and fecundity) is that potential
trade-offs maximizing long-term survival and fecun-
dity are often ignored. In other words, factors that max-
imize either survival and fecundity may be different,
and neither component by itself may reflect fitness.

METHODS

We used the following general analytical approach
in assessing the effects of variation in climate covar-
iates on the three life history traits of Northern Spotted
Owls. After developing the biological background for
potential effects of climate on Northern Spotted Owls,
we divided the annual cycle into specific life history
periods to identify when climatic stresses may affect
spotted owls. We relied on existing biological infor-
mation to identify these periods. In dividing the annual
cycle into specific periods, we reduced the number of
climatic covariates from arbitrary weekly or monthly
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intervals to those included in fewer, more biologically
meaningful, intervals (Appendix A). We used these
steps to develop a priori verbal hypotheses, which we
then expressed as models that could be fit to the avail-
able data. In these models, the response variables were
life history traits (survival, reproductive output, and
recruitment) and the explanatory variables were cli-
mate covariates (temperature and precipitation during
life history periods) and individual covariates (age and
sex). Thus, we had suites of candidate statistical models
for each life history trait that were developed prior to
analyzing the empirical data and that related the re-
spective life history trait to climatic covariates. These
suites of candidate models were analogous to the 26
predator—prey models suggested by Berryman et al.
(1995), some of which represented competing theories.
The importance of a priori model development in data
analysis, as opposed to analyzing data by iteratively
searching the data for relationships (i.e., data dredg-
ing), has been alluded to by Hofacker (1983) and Chat-
field (1995), and more recently has been formalized by
Burnham and Anderson (1998).

After a priori hypothesized models were developed,
we used an objective model selection criterion (AlCc;
see Selection of hypothesized models) to rank and cal-
ibrate the candidate hypothesized models in terms of
their ability to explain the empirical data. In this way,
a ‘'‘best approximating’”’ model was selected from each
suite of candidate models as the most parsimonious
explanation of the data. Other candidate models were
then ranked below in terms of their plausibility to ex-
plain the same data. Model selection based on AIC has
an advantage in that multiple hypotheses can be ranked
according to their importance in explaining the data; a
hypothesis-testing approach only allows for rejection
or failure to reject two models at atime (Akaike 1974).
Burnham and Anderson (1998) present other, numerous
reasons for using AlC-based model selection rather
than hypothesis testing when dealing with data col-
lected in an observational study such asthisone. Model
selection, based on AIC, has been used extensively in
capture—recapture studies (see Lebreton et al. 1992).

The analytical strategy that we outline here avoids
models with more covariates than can be supported by
the data, which often results in imprecise parameter
estimates, and excessive data dredging, which can re-
sult in spurious explanatory models (Freedman 1983).
Thus, the strategy that we use here balances precision
and bias when selecting an appropriate model to relate
variation in life history traits to climatic covariates
(Burnham and Anderson 1992).

Data collection

Life history traits—The general design for collec-
tion of field datato estimate survival, reproductive out-
put, and recruitment was to monitor marked individuals
over time. Each year, we attempted to locate and in-
dividually identify all spotted owlsinthe Willow Creek
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and satellite study areas. Territorial spotted owls were
located with multiple surveys, using vocal imitations
of their calls to elicit responses (Forsman 1983, Frank-
lin et a. 1996a), from April through August of each
year. Surveys were not conducted on days when pre-
cipitation occurred. Northern Spotted Owls were aged
by plumage characteristics as fledged young of theyear,
1-, 2-, or =3-yr old (Moen et a. 1991); sexes were
distinguished by vocalizations (Forsman et al. 1984).
Once located, owls =1 yr old were checked for repro-
ductive output. Using specific criteria outlined in
Franklin et al. (1996a), each pair of owls visited was
categorized as having O, 1, 2, or (rarely) 3 fledged
young. Individuals were uniquely identified through
capture, recapture, or resighting of colored leg bands
using several techniques (see Forsman 1983, Franklin
et al. 1996a). Locking numbered aluminum bands were
placed on one leg of each captured owl, and a colored
plastic leg band with colored vinyl tabs (Forsman et
al. 1996) was placed on the opposing leg to identify
individuals without recapturing in subsequent years. If
identification of color marks was ambiguous, birds
were recaptured and the numbered band was read. We
used the term “‘recapture’ to describe physical recap-
ture of marked individuals or resighting of previously
color-marked individuals. Although juveniles were re-
captured as =1-yr olds, these data were not used to
estimate juvenile survival because of potential biases
(see Franklin et al. 1996a).

Climate covariates.—To estimate climatic covaria-
tes, we first divided the annual cycle experienced by
spotted owlsinto critical periods based on weather con-
ditions and specific life history stages (see Appendix
A for details). These critical periods were the winter
stress period (November—February), the early nesting
period (March—-April), the late nesting period (May),
the heat stress period (July—August), and the dispersal
period (September—October).

Within each defined life history period, we obtained
daily measurements for amounts of precipitation and
minimum and maximum temperatures from nineweath-
er stations operated by the U.S. Weather Service (Fig.
1). These stations were selected because they provided
adequate spatial coverage of the study areas and had
complete records both during and before the study. The
range of weather station elevations included 83% of
the elevational distribution for owl capture locations.
Therefore, we assumed that data from the weather sta-
tions were representative of conditions experienced by
spotted owls in the study area. We also assumed that
changes between years adequately represented real
changes aslong as climate conditions within yearswere
reasonably represented, because the relationship of in-
terest was year-to-year variation.

Climate covariates had to be biologically meaningful
in their effects on owls, and had to be precisely esti-
mated (cv < 10%) when averaged across stations with-
in years, because we did not incorporate sampling var-
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iances of covariates into statistical analyses. For pre-
cipitation, we used the number of days of measurable
precipitation (=0.03 cm) within each life history period
because we felt that the duration of precipitation was
more important in its effects than the absolute amount.
Regardless, the annual number of days of precipitation
was highly correlated with annual precipitation amount
within the life history periods (r = 0.87-0.94, df = 8,
P < 0.001). The number of days with precipitation
averaged across stations within years was precise (cv
= 2.5-7.1%).

Estimating daily temperature only from daily max-
imum and minimum temperatures can be problematic.
Means of maximum and minimum temperature in a
given day fail to account for the duration of temper-
atures, and typically underestimate the actual mean dai-
ly temperature, based on hourly data (Lindsey and
Newman 1956). Therefore, we estimated degree-hours
(the product of temperature and the time over which
temperatures occur; Lindsey and Newman 1956, Tuhk-
anen 1980) by modeling hourly temperature over the
course of a24-h day using a cosine model (from Allen
1976):

Hourly temperature
Trox = T
— -I— . + max min
min ( 2 )

where T, and T, were daily maximum and minimum
temperatures, respectively; h was the hour of the day;
and vy and & were parameters controlling phase angle
and width, respectively. Daily degree-hours were es-
timated by integrating Eq. 7 from h = 0 to 24. Param-
eters y and & were estimated for life history periods
using Eq. 7 in nonlinear regression (Proc NLIN; SAS
Institute 1990) with hourly data available from two
weather stations. Degree-hours were estimated for each
day and were then averaged within the life history pe-
riods for each year. Daily temperature models ex-
plained a high proportion of the variation in hourly
temperature over the course of a day (R? = 0.912—
0.995) within the life history periods. Estimates of vy
(cv = 1.4-5.0%) and & (cv = 5.2-11.2%) from Eq. 7
were precise. Degree-hours averaged across stations
within years were precise (cv = 1.2-3.6%). As an ad-
ditional covariate during the heat stress period, we es-
timated surplus stress units, in terms of increased ox-
ygen consumption by the owls (mL O,/g/h), attributed
to daily temperatures, and the length of time that they
were maintained, according to:

ccO,gth?t

@)

vy dm
1- —h - —
COS<24 24)

= J " [0.649 + 0.008(f(H)) — 0.905] dt (8)

where f(H) was Eq. 7, h, was the hour when temper-
atures began exceeding the 32°C threshold temperature
when owls exhibited heat stress, and h, was the hour
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when temperatures decreased below the 32°C threshold
temperature. The linear equation in Eq. 8 is the re-
gression equation estimated by Ganey et al. (1993) for
oxygen consumption in Mexican Spotted Owls (Strix
occidentalis lucida) above their thermal neutral zone.
In using the equation from Ganey et al. (1993), we
assumed that Northern Spotted Owls had a physiolog-
ical response to temperature similar to that of Mexican
Spotted Owils.

Landscape habitat covariates—We used a digital
vegetation map, developed by the California Timber-
land Task Force (TTF), that covered both private and
public lands over the extent of our entire study area
(Geographic Resource Solutions 1996). This map was
developed from 1990 Landsat Thematic Mapper im-
agery that was resampled to a pixel size of 25 X 25
m. Pixels were aggregated into polygons with a min-
imum polygon size of 2 ha. Polygon attributes pertinent
to this study were (1) average quadratic mean diameter
(Husch et al. 1982) at breast height of all conifer trees
in the polygon, (2) average quadratic mean diameter
at breast height of all hardwood trees in the polygon,
(3) canopy closure of all trees in the polygon, and (4)
percentage of conifersin the total canopy closure. This
vegetation map was chosen because it covered all lands
regardless of ownership, it covered the entire study
area, and it contained polygon attributes classifiable
into vegetation types relevant to spotted owls. Al-
though other vegetation maps existed, they lacked one
or more of these attributes.

We initially defined two habitats: spotted ow! habitat
and high-density dusky-footed woodrat habitat. Based
on previous experience with Landsat coverages that
were used to define habitats on the Willow Creek study
area (Hunter et al. 1995), these were the only two hab-
itats that we felt could be reliably estimated. Spotted
owl habitat was based on the strong association of the
owl with mature and old-growth forests for nesting,
roosting, and foraging on the study area (Solis and
Gutiérrez 1990, Blakesley et al. 1992, Hunter et al.
1995). Woodrat habitat was based on vegetation char-
acteristics associated with high densities of dusky-foot-
ed woodrats (Sakai and Noon 1993). However, North-
ern Spotted Owls were not known to forage within this
habitat (Solis and Gutiérrez 1990), but possibly along
its edges (Zabel et al. 1995). Therefore, we initially
distinguished woodrat habitat from spotted owl habitat
based on the definition of habitat used here (Morrison
et al. 1992). Both habitats were defined using the poly-
gon attributes in the TTF vegetation map. Two phases
of field verification were used to iteratively assess the
accuracy of our definitions for the two habitats (Frank-
lin 1997). However, woodrat habitat was poorly clas-
sified (68.6% probability that stands on the ground
were correctly classified in the TTF coverage). In ad-
dition, analyses including this habitat did not suggest
that woodrat habitat was important in explaining spatial
variation in spotted ow! survival and reproductive out-
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put. Therefore, we did not consider this habitat further.
In the end, we used two habitats: spotted owl habitat
vs. other vegetation types. Spotted owl habitat was ma-
ture and old-growth forest with a quadratic mean di-
ameter of conifers =53 cm, quadratic mean diameter
of hardwoods =15 cm, percentage of conifers =40%,
and overstory canopy coverage =70%. This definition
corresponded to other classifications used to define
spotted ow! habitat (Solis and Gutiérrez 1990) and to
definitions used in other studiesin this area (Blakesley
et al. 1992, Hunter et al. 1995). By including hardwood
tree species, our definition of spotted owl habitat in-
directly reflected multiple canopy layers, an important
component identified in previous studies (Solis and Gu-
tiérrez 1990). Based on both phases of field verification
(Franklin 1997), spotted ow! habitat was correctly clas-
sified 89.0% of the time using the TTF vegetation cov-
erage.

We used a 0.71 km radius circle around territory
centers to represent spotted owl territories. Landscape
habitat characteristics were then measured within these
circles as covariates, when estimating survival and re-
productive output of individual spotted owls occupying
territories represented by the circles. Rationales and
methods used to derive the 0.71 km radius circles as
sampling units are described as follows. First, territory
centers were estimated for all territories by averaging
the UTM (Universal Transverse Mercator) coordinates
representing roost and nest locations at each site. Mul-
tiple roosts at the same territory within the same year
were included only once when averaging. However, if
individuals roosted or nested at the same location in
different years, those locations were included because
they represented choices by individuals between years.
In general, roost and nest locations at individual ter-
ritories were tightly clustered; coefficients of variation
for mean Easting and Northing UTM coordinates were
=0.1 for 90% of the territories. Second, the radius of
the circle was estimated as one-half of the median near-
est neighbor distance (Hunter et al. 1995) between 37
territory centers in the Willow Creek Study area only.
We assumed that the locations of almost all territories
were known in the Willow Creek study area, to provide
an adequate measure of territory adjacency. This me-
dian measure (0.71 km) was similar to the mean (0.75
km), with a range of 0.21-1.21 km.

We considered the 0.71 km radius circles asterritory
core areas for spotted owls in this study because of the
small area (1.58 km?) relative to expected home range
size in northwestern California (4.2-5.9 km?; Zabel et
al. 1995). Hunter et al. (1995) and Meyer et al. (1998)
found that landscape characteristics had the highest
levels of significance between random sites and sites
used by Northern Spotted Owls in the Klamath prov-
ince when 0.8-km circles were used as a sampling unit,
as opposed to larger diameter circles centered around
the same sites. Meyer et al. (1998) suggested that char-
acteristics of the inner core represented by these size

FITNESS IN SPOTTED OWL POPULATIONS

549

circles may be most influential in determining territory
locations for Northern Spotted Owls.

In describing landscape characteristics within terri-
tories, we chose not to use indices such as fractal di-
mension, contagion, evenness, and the variety of patch
indices commonly used in landscape ecology to de-
scribe fragmentation and landscape pattern. Often these
indices do not capture obvious differencesin landscape
pattern (Ripple et a. 1991, Groom and Schumaker
1993, Li and Reynolds 1994), are ad hoc (thus lacking
an appropriate theoretical basis as meaningful mea-
sures), and are highly correlated with each other (Li
and Reynolds 1994). In addition, we did not use metrics
that included area in the denominator, such as patch
density, because all territory circles were the samesize.
The metrics that we chose to describe landscape char-
acteristics within spotted owl territories were those that
we considered to be the fundamental characteristics
describing habitat amounts, patch size, patch abun-
dance, patch shape, and patch spacing. Together, the
patch characteristics accounted for varying degrees of
fragmentation.

Within the 0.71 km radius circles around territory
centers, we chose nine habitat covariates and one to-
pographic covariate (elevation) to examine with respect
to spotted owl survival and reproduction (Table 1). We
estimated mean elevation (ELEV) for each spotted owl
territory by averaging the elevations of each roost and
nest site used to estimate the centers of each territory.
SOHAB and SOMP were estimates of amounts of spot-
ted owl habitat, whereas SODIS was an estimate of the
spatial distribution of patches of owl habitat (Ripple et
al. 1991, Groom and Schumaker 1993). SOEDG, in
conjunction with SOCOR, was a measure of patch
shape (Groom and Schumaker 1993). For example,
patches with little SOCOR and high SOEDG indicated
linear patch shapes. The core habitat covariates, SO-
COR and SONCA, are additional measures of general
patch shape because they account for relative amounts
of interior habitat vs. edge (Groom and Schumaker
1993). The combination of SOCOR and SONCA also
measures fragmentation (Temple 1986) by measuring
the amount and distribution of interior habitat; many
small patches will have little or no core habitat. We
used a 100-m distance from the edge to define core
habitat area, because ecological characteristics of old-
growth coniferous forests begin to stabilize beyond this
distance (Spies et al. 1994, Chen et al. 1995), and the
negative edge-associated impacts on forested habitats,
in general, have been ameliorated after this distance
(Temple 1986).

We estimated covariates for each spotted owl terri-
tory using operations in the ARC/INFO geographic in-
formation system (ESRI 1987). We first made a new
coverage from the TTF vegetation map, which only
included polygons of either spotted owl habitat or other
vegetation types. Territory centers were circumscribed
by the 0.71-km sampling radius and coverages for each
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TaBLE 1. Age and landscape habitat covariates used in models to estimate survival and reproductive output for Northern

Spotted Owls in northwestern California.

Variable Definition Original metrict Rescaled metrict
a2 Dummy variable with 1-yr-old age class vs. =2-yr-old age
class
a2’ Dummy variable with 1- and 2-yr-old age class vs. =3-yr-
old age class
a3 Dummy variables with 1-yr-old age class vs. 2-yr-old age
class vs. =3-yr-old age class
SOHAB Total amount of Northern Spotted Owl habitat ha ha + 10
SONP No. discrete patches of spotted ow! habitat n n
SOMP Maximum patch size of spotted owl habitat ha ha + 10
SOEDG Total amount of edge between spotted owl habitat and all m km
other vegetation types
SODIS Mean nearest neighbor distance between patches of spot- m m <+ 10
ted owl habitat measured from edge to edge of patches
SOCOR Total amount of spotted owl core habitat, defined as the ha ha
amount of spotted owl habitat = 100 m from an edge
SONCA No. patches of spotted owl core habitat n n
ELEV Mean elevation of spotted owl territory m m - 100

T Original scale on which the covariate was measured.
F Rescaling factor used for analyses with covariates.

territory were then developed, containing the two cat-
egories within each circle. We used program FRAGS-
TATS (McGarigal and Marks 1995) to estimate each
of the habitat covariates for each spotted owl territory.
We manually checked measurements of a subsample (n
= 15) of the territories to ensure that FRAGSTATS
was correctly estimating the habitat covariates. Prior
to analyses, covariates were rescaled in order to avoid
large values in quadratic terms and interactions (Table
1).

L ogging occurred within the sampling circle on nine
territories over the course of the study. We adjusted
polygonsfor loss of habitat dueto timber harvest, based
on U.S. Forest Service timber harvest records and ae-
rial photographs, made new coverages of these terri-
tories, and estimated habitat covariates for both before
and after logging.

Formulation of hypothesized models

Model development.—Prior to analyzing the empir-
ical data, we explored ways in which climate and hab-
itat configuration might affect spotted owls, based on
the existing literature. We used this information to de-
velop qualitative, potential effects of climate and hab-
itat conditions on the owls, and incorporated these into
statistical models as a priori hypotheses for analyzing
the empirical data on the three life history traits. We
used three forms of models when translating ideas into
statistical models: a linear, a pseudothreshold, and a
quadratic form (Fig. 3). For survival analyses, these

model forms were incorporated using alogit link func-
tion (see Modeling survival).
The linear form of models could be written as

6= PBo + Bulx) + -+ BulX) 9)

and the quadratic form as
0 =B+ Bi(x) + Bo0) + ... + Bona(X)

+ B () (10)

where 6 was the life history trait and x, was the ith
covariate. For the sake of parsimony in quadratic forms
of the models, we used the squared differences of cov-
ariate values from their mean (denoted by preceding
the covariate name with a D), which were calculated as

Dx; = (% — X)? (11)
where x; was the jth value of the ith covariate. By using
the squared differences, we could rewrite Eq. 10 as

6 = Bo + BuDx) + -+ - + Bn(DXy). (12)

This saved an extra parameter for each covariate used
in the quadratic form of the models. However, the form
in Eg. 12 was arestricted quadratic because it assumed
that the curve was centered on the covariate mean.
Therefore, quadratic models using the squared differ-
ences were also examined with the full quadratic terms
(X + %?) as a check.
The pseudothreshold form of models was
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Linear

0

Pseudothreshold

0

Quadratic

Covariate m—

FiGc. 3. Model formsused in hypothesized modelsrelating
landscape habitat covariates to life history traits (6).

6 = By + Bilogs(X; + 0.5)

+ .- + Blogyx, + 0.5). (13)

Covariate names in these models were preceded by an
L (e.g., LSOCOR). In using log transforms, we added
0.5 to covariate values to account for values of zero.
This was considered a pseudothreshold because an as-
ymptote (threshold) was approached, but never reached,
using the log transform. However, we considered this a
parsimonious approximation to a true threshold model.

Each model structure indicated different predictions
for each of the hypothesized models. A linear structure
predicted that effects of the covariates changed at some
constant rate; a pseudothreshold structure predicted
that effects changed at a constant rate to some point
and then approached (but did not reach) an asymptote;
and a quadratic structure predicted some optimal max-
imum at intermediate effects, and lower effects at the
extremes (Fig. 3). In denoting combinations of effects
in models, we used ““ +"’ to denote an additive effect,
where no interactions were considered, and used ‘‘*"’
to denote inclusion of interactions (Lebreton et al.
1992).

Climate models.—We hypothesized that variation in
precipitation and ambient temperature can affect spotted
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owls directly through energetic constraints, and indi-
rectly through the population dynamics and activity pat-
terns of their prey, and the food resources required by
those prey. Collectively, we referred to models exam-
ining the relationship between the life history traits and
climate covariates as climate models. The underlying
biological rationale for developing the following hy-
pothesized climate models is detailed in Appendix A.

Prior to data analysis, we developed eight hypo-
thetical climate models for survival (Table 2). The late
nesting period was not included in survival models
because of overlap with sampling periods when owls
were captured. Models 1-6 in Table 2 examined climate
effects within each period based on biological char-
acteristics outlined previously, but with no drought ef-
fects. Longer term drought effects were considered in
model 7, using a quadratic model in which survival
could be negatively affected at either end of the
drought—mesic continuum. Model 8 in Table 2 hypoth-
esized that optimal growing conditions (e.g., wet win-
ters followed by warm springs) in one year can posi-
tively influence prey populations in the following year
and, hence, may increase spotted owl survival over the
winter stress period. Additional variations of the hy-
pothesized models included quadratic forms of the cov-
ariates and inclusion of age and sex effects.

We proposed 11 a priori climate models for repro-
ductive output (Table 2) in which only the winter stress,
early nesting, and late nesting periods were considered
relevant. The complexity of hypothesized models for
reproductive output was constrained by the existing
sample of 10 yr, because annual means were used as
the response. In Northern Spotted Owls, we presumed
that food during the winter stress, early nesting, and
late nesting periods was crucial for determining repro-
ductive success, based on food supplementation ex-
periments with other raptor species (Ward and K ennedy
1994, 1996, Wiehn and Korpimaki 1997). Models 1—
3 in Table 2 reflected the effects of high precipitation
alone on the ability of males to provide adequate food
for incubating females or nestlings. Model 4 hypoth-
esized that cold, wet winters negatively affected a fe-
male’'s ability to attain adequate body condition for
reproduction, whereas models 5 and 6 examined the
effects of both temperature and precipitation on hunting
success of males and their ability to provide females
with sufficient food during the early and late nesting
periods. Lacking sufficient food, we surmised that fe-
males would leave nests for extended periodsto forage,
exposing eggs and young to the chilling effects of cold,
wet weather. Models 7 and 8 examined the combined
effects of wet and cold on the postulated effects from
models 4—6. Models 9-11 hypothesized that optimal
climatic conditions promoting the production of plant
forage for prey led to increased reproductive output by
the owls (see Appendix A).

We hypothesized six additional models to explain
the effects of climate on recruitment (Table 2). Model
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TaBLE 2. Description and representation of a priori models concerning the effects of precipitation and ambient temperature
on survival, reproductive output, and recruitment rates of Northern Spotted Owls in northwestern California.

Expected
Hypothesis Model Model structure resultt
Survival (logit ¢)

1) Negative effects of high temperaturesin H. &, Bo + B(Ty) B, <0

2) Negative effects of high precipitation and &g, 7, Bo + Bi(Pw) + BaATw) B;<0,B,>0
cold temperatures in W (no drought effect).

3) Negative effects of high precipitation and  bp. 7 Bo + B1(Pe) + BuTe) B,<0,B,>0
cold temperatures in E (no drought effect).

4) Negative effects of combined precipitation  p,,.p, Bo + Bi(Pw) + Ba(Pg) B;1<0,B,<O0
in both W and E.

5) Positive effects of high precipitation in W &g, 7, Bo + Bi(Pw) + BaATe) B, >0,B,>0
followed by warm temperaturesin E.

6) Negative effects of high precipitation and &y, 7 peste Bo + Bi(Pw) + BATw) + B, <0,B,>0
cold temperatures in both W and E (no Bs(Pe) + Ba(Te) B3<0,B,>0
drought effect).

7) Negative effects of high precipitation or &g, p2:pesp2emy s Te Bo + Bi(Pw) + Ba(Pw)? + B;,>0,B,<0
drought, both combined with temperatures, Bs(Pg) + Ba(Pe)? + Bs>0,B8,<0
in both W and E. Bs(Tw) + Be(Te) Bs>0,Bs>0

8) Lagged positive effect of high precipitation g, 7. Bo + B1(PWw) + B(TE) B,>0,B8,>0
in W and warm temperatures in E in time t
on survival int + 1.

Reproductive output (R)

1) Negative effects of high precipitationin E. R, Bo + B1(Pe) B, <0

2) Negative effects of high precipitationin L. Ry Bo + B1(P) B, <O

3) Negativeeffectsof high precipitationinboth Ry ,p, Bo + Bi(Pe) + BA(P) B, <0,B, <O
EandL.

4) Negative effects of high precipitation and Ry, .7, Bo + Bi(Pw) + BaATw) B, <0,B,>0
cold temperatures in W (no drought effect).

5) Negative effects of high precipitation and Ry, Bo + Bi(Pe) + BATy) B,<0,B,>0
cold temperatures in E.

6) Negative effects of high precipitation and Ry ., Bo + B1(PL) + BAT)) B, <0,B,>0
cold temperaturesin L.

7) Negative effects of high precipitation and  Ro_1..p i1, Bo + Bi(Pe) + Bx(Te) + B;<0,B,>0
cold temperatures in both E and L. Ba(P) + B4(TL) B3<0,B,>0

8) Negative effects of high precipitation and  Rg,, 7,1peime Bo + Bi(Pw) + BATw) + B, <0,B,>0
cold temperatures in both W and E. Bs(Pe) + Ba(Te) B3<0,B,>0

9) Positive effects of high precipitation in W Ry .1 Bo + B1(Pw) + BaATe) B;,>0,B,>0
followed by warm temperaturesin E.

10) Positive effects of high precipitation in W Ry .1, Bo + B1(Pw) + BAT)) B;,>0,B,>0
followed by warm temperaturesin L.

11) Positive effects of high precipitation in W Ro 1.1, Bo + B1(Pw) + BT + B;,>0,B,>0
followed by warm temperaturesin E and L. ATy B;>0

Recruitment rate (b)

1) Negative effects of high precipitationin D.  bp, Bo + B1(Pp) B, <O

2) Negative effectsof high precipitationinboth b ,p,, Bo + Bi(Pp) + Ba(Pw) B;<0,B,<O0
D and W.

3) Negative effects of high precipitation and  bp v, Bo + B1(Po) + B(Tp) B;<0,B,>0
cold temperaturesin D.

4) Negative effects of high precipitation in D,  bp_.p,.p. Bo + Bi(Pp) + Bx(Pw) + B, <0,B, <O
W, and E. 5(Pe B; <0

5) Negative effects of high precipitation and b .1, .p, Bo + Bi(Ppo) + Ba(Tp) + B, <0,B,>0
cold temperatures in D with high precipi- 3(Pw) B3 <0
tation in W.

6) Negative effects of high precipitation and  Dp .1y py+7y Bo + Bi(Pp) + Bx(Tp) + B, <0,B,>0
cold temperatures in both D and W. Bs(Pw) + Ba(Tw) Bs3<0,B,>0

Notes: P and T indicate precipitation and temperature covariates, respectively. Abbreviations for life history periods where
covariates apply are: W, winter stress; E, early nesting; L, late nesting; D, dispersal; and H, heat stress period.

T Expected direction in regression coefficients, given that the hypothesized model is correct to use.

1 was a hypothesis that high precipitation would neg-
atively affect recruitment by negatively affecting the
hunting success of juveniles when they first disperse.
We based models 2 and 4 on a similar supposition, but
over the longer period of time when young owls must
first fend for themselves during dispersal. In models 3,
5, and 6, we considered the effects of temperature in

addition to precipitation. Because recruitment isafunc-
tion of survival and reproduction, we tested all of the
Table 2 hypothesized models related to those param-
eters. We made an additional prediction based on po-
tential population dynamics: if floaters were present in
sufficient numbers, then climate covariates that nega-
tively affect the survival of territory holders should
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TaBLE 3. A priori hypothesized models used to relate the effects of landscape habitat characteristics with survival and
reproduction of Northern Spotted Owlsin northwestern California; 6 represents either apparent survival or reproductive output.

Predicted effects

Hypothesized
model Linear structure Pseudothreshold structure Quadratic structuret
l) 9SOHAB BSOHAB >0 BIn(SOHAB) >0 BSOHAB > 0, B(SOHAB)2 <0
2) Bsomp Bsomp > 0 Binsomm > 0 Bsomr > 0, Bsompz < 0

3) eSOM P+SONP
4) eSOM P+SODIS

5) eSOM P+SONP-+SODIS

6) 9SOM P+SOEDG

7) eSOCOR

8 950COR+SONCA
9) eSOCOR+SODI S

10) eSOCORJrSONCAJrSODIS

11) eSOCOFHSOMF‘
12) e&)COFH&)EDG

13) 0 SOCOR+SOMP+SOEDG

Bsowr > 0, Bsone < 0
BSOMP > 01 BSODIS <0

Bsowr > 0, Bsone < 0,
Bsopis < 0

Bsomp > 0, Bsogps < 0

BSOCOR >0
BSOCOR > 0! BSONCA <0

Bsocor > 0, Bsopis < 0

Bsocor > 0, Bsonca < 0,
Bsoois < 0

Bsocor > 0, Bsowp > O
Bsocor > 0, Bsoepe < O

Bsocor > 0, Bsome > 0,

Binsomp = 0, Binsonp < 0
Binsomp > 0, Binsopisy < 0

Binsomp > 0, Binsone < 0,
Binsopig) <

Binsomp = 0, Binsoeng) < 0

Binsocor) > 0
Binsocor) = 0, Binsoncay < 0

Binsocor) = 0, Binsonis) < 0

Binsocory = 0, Binsoncay < 0,
Binsopis) <

Binsocor)y = 0, Binsomry > 0
Binsocor) = 0, Binesoeng) < O

Binsocor) = 0, Binsomr > O,

Bsomr > 0, Bsompz < 0
BSONP > O, B(SONP)2 <0
BSOMP > 01 B(SOMP)2 <0
BSODIS >0, B(SODIS)Z <0
BSOMP > 0: B(SOMP)Z <0
Bsone = 0, Bsonpz < 0
Bsoms > O, B(sol:ns)2 <0
Bsomp > 0, Bsompz <
BSOEDG > O, B(SOEDG)Z <0
BSOCOR > 0: B(socor:a)2 <0
BSOCOR >0, B(SOCOR)Z <0
BSONCA > O, B(SONCA)2 <0
Bsocor = 0, Bsocory? <
Bsoms > 07 B(soms)2 <0
BSOCOR > 01 B(SOCOR)2 <0
BSONCA > 01 B(SONCA)Z <0
BSODIS > 01 B(soo|5)2 <0
Bsocor = 0, Bsocory < 0
BSOMP >0, B(SOMP)Z <
Bsocor > 0, B(socory < 0
BSOEDG > O, B(SOEDG)Z <0
BSOCOR > 0: B(SOCOR)Z <0

BSOEDG <

Bin(soene)

Bsomp > 0, Bsompz <
BSOEDG > Ov B(SOEDG)2 <0

Note: Subscripted covariates represent the structure of the model, and covariates are described in Table 1.

t Represented as B, + B1X + (—B).

positively affect recruitment; otherwise, covariates
negatively affecting survival also should negatively af-
fect recruitment. This prediction applied to all of the
Table 2 hypothesized models for survival and recruit-
ment.

Habitat models.—We developed 13 base hypothe-
sized model s to examine the effects of the 10 covariates
on Northern Spotted Owl survival and reproduction
(Table 3). Theresponse variable () was either apparent
survival or reproductive output, and the independent
variables were combinations of the nine habitat cov-
ariates, age, and elevation effects. These models were
centered around three basic themes: habitat amounts
only, distribution of habitat patches, and shape of hab-
itat patches (i.e., edge effects). In addition, there were
two general effects, which we felt could influence all
of the base hypothesized models. The first was age: we
predicted that 1-2 yr old owls would have lower ap-
parent survival and lower reproductive output than
owls =3 yr old. Based on a limited sample, Carey et
al. (1992) found that radio-tagged 1-yr-old Northern
Spotted Owls suffered high mortality in highly frag-
mented landscapes. Therefore, the initial age effect in
survival analyses included a 1-yr-old class vs. a class
with owls =2 yr old (denoted as a2 in models; Table
1). Franklin et al. (1996b) found that 1- and 2-yr-old
owls fledged fewer young, on average, than did owls
=3 yr old on this study area. Therefore, the initial age
effect in reproductive output analyses included a class

with 1- and 2-yr old owls vs. a class with owls =3 yr
old (denoted as a2" in models). During modeling pro-
cedures, we also examined the age effect by separating
owlsinto 1-, 2-, and =3-yr-old classes (denoted as a3;
see Table 1). The second general effect was ELEV: we
predicted that both survival and reproductive output
would be negatively affected as elevation increased,
because of harsher climatic conditions at higher ele-
vations, and a shift from Douglas-fir/hardwood forests
at lower elevations to more pure fir stands at higher
elevations, which were less productive in terms of prey
biomass (Carey et al. 1992).

Alternate forms (Egs. 9, 10, and 13) of the same
model represented alternate hypotheses as to whether
the Northern Spotted Owl is primarily an interior, edge,
or mixed interior—edge species. For example, alife his-
tory trait positively associated with SOCOR and neg-
atively associated with SOEDG in a linear or pseu-
dothreshold relationship suggests an interior species;
the opposite trend would indicate an edge species; and
a quadratic relationship would indicate a mixed inte-
rior—edge species.

Model 1in Table 3 was based on the hypothesis that
survival and reproductive output increase as the
amount of spotted owl habitat increases, as suggested
by Bart and Earnst (1992) and Bart and Forsman
(1992). The quadratic form of this model suggested
some optimal amount of vegetation type (such as ma-
ture and old-growth forest) that promotes high survival
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or reproductive output, with too much or too little of
the vegetation type being suboptimal. Hypothesized
models 2-5 incorporated patch dynamics in which a
single large patch promotes higher survival or repro-
ductive output than do many small, distantly spaced
patches under the linear and pseudothreshold forms,
and some optimal maximum under the quadratic forms.
Hypothesized models 6-13 incorporated amounts of
habitat, patch distribution, and patch shape to varying
degrees, and included the possibility of alternate hy-
potheses concerning the juxtaposition of edge and in-
terior spotted owl habitats and their distribution within
the territory.

Estimation of life history traits

Modeling survival.—Capture-recapture models were
used to estimate conditional survival probabilities ()
for Northern Spotted Owls from the banding data
(Franklin et al. 1996a). Capture—recapture estimates of
juvenile survival (probability of fledged young surviv-
ing their first year) are not considered here because of
likely biases due to permanent emigration from study
areas (Franklin et al. 1996b). Instead, recruitment was
estimated with the climate covariates (see Modeling
recruitment).

We examined capture-recapture data for goodness-
of-fit to a global model, using tests in program RE-
LEASE (Burnham et al. 1987:71-77). Goodness-of-fit
for reduced models was assessed by computing like-
lihood ratio tests between global and reduced models,
and then adding the x? values and degrees of freedom
from these tests to global model values (Lebreton et
al. 1992). The requisite assumptions of capture-recap-
ture models are outlined in Burnham et al. (1987), most
of which can be tested in program RELEASE. No loss
of bands was observed through double banding of owls
with both color and U.S. Fish and Wildlife Service
(USFWS) bands. Permanent emigration probably was
negligible for owls =1 yr old (Franklin et al. 1996b).
We used program MARK (White and Burnham 1999)
for analysis of capture-recapture data. We used 95%
confidence intervals to assess the degree to which the
signs of estimated slope parameters (B3;) in modelswere
reliably estimated (Graybill and lyer 1994).

In climate models, estimates of ¢ represent apparent
survival, defined as the probability that an owl survives
and remains within the study areato year t + 1, given
that it was alive at the start of year t. Recapture prob-
abilities (p) must also be modeled and are the proba-
bility that an animal alive in year t is captured in year
t. Recapture probabilities are nuisance parameters, but
must be properly treated; otherwise, estimators of sur-
vival probabilities will be biased or imprecise (Lebre-
ton et al. 1992). Parameter estimation was based on
Fisher’'s method of maximum likelihood (Lebreton et
al. 1992). Relationships of estimated survival proba-
bilities to climatic covariates were modeled using the
logit transformation, which constrains0 = 6 = 1, where
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0 represents either ¢ or p (Lebreton et al. 1992). These
parameters could then be modeled as a linear logistic
function, e.g., logit(8,) = By + Bi(wW), where w is a
categorical (e.g., age class) or a continuous (e.g., pre-
cipitation) covariate. In addition to climate covariates,
we included age (a), sex (s), and time effects in the
models. Time was modeled both as a categorical (t)
and linear (It) effect without any climate covariates. In
addition to modeling the same effects on p, we also
modeled the structure of p constrained by different cap-
ture methods used during the study, denoted as p.. Dur-
ing 1985-1987, birds were physically recaptured each
year to read their USFWS bands, whereas from 1988
through 1994, owls were primarily resighted using col-
or bands. Models with p, represented a single estimate
of p for 19861987 and a single estimate of p for 1988—
1994.

In climate models, precipitation was denoted as P
and temperature degree-hoursas T. Life history periods
were denoted with subscripts; W for the winter stress
period, E for the early nesting period, L for the late
nesting period, H for the heat stress period, and D for
the dispersal period. This notation was also used for
models of recruitment and reproductive output.

In terms of habitat covariates, we estimated apparent
survival (¢), defined as the probability that an owl on
territory i survives and remains on territory i to year
t + 1, given that it was alive at the start of year t. We
used the same capture history matrix used with the
climate models, except for two adjustments. These ad-
justments were necessary because we examined effects
on individuals rather than on annual cohorts of indi-
viduals (as with the climate models). First, ‘‘losses on
capture”’ (Jolly 1965) were used to account for move-
ments of individuals between territories. For example,
acapture history for individual 1 that occupied territory
A for the first five years and territory B for the second
five years might appear as follows:

Captureoccasion: 123456 7 8 910 Frequency
Territory: AAAAABBBBB
Capture history: 1110111101 1

where frequency is the number of capture histories.
However, using ‘‘losses on capture,” the capture his-
tory for this individual was rewritten as two capture
histories, one for territory A and one for territory B:

Capture occasion: 12 3456 7 8 910 Frequency
Territory: AAAAABBBBB
Capturehistoryl 1110100000 -1
Capture history2: 0000011101 1

Second, territories in which timber harvest had oc-
curred during the study were considered to be a move-
ment from the pre-harvest territory to the post-harvest
territory after the year when harvest had occurred. Cap-
ture histories on these territories were dealt with in the
same manner, using ‘‘losses on capture’’ as movements
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of individual s between territories. Use of losses on cap-
ture resulted in the loss of information on survival
between the occasions when movements or timber har-
vest occurred. However, in losing this information, no
assumption was required as to which territory affected
survival during these intervening periods. For each in-
dividual capture history, we attached landscape cov-
ariates associated with the territory occupied by that
individual. Thus, the sampling unit to which inferences
were made was individuals on territories.

Modeling reproductive output.—In counting the
number of fledged young within each year, we assumed
detection probabilities of fledged young equal to 1.0
after two visits to a site. There are numerous biases
that may affect estimation of reproductive output (see
Franklin et al. 1996a). As long as biases were unaf-
fected by climate and did not vary from year to year,
our estimates of reproductive output provided a rea-
sonable approximation as a basis for examining tem-

poral effects.
Data analysis for climate models was performed on
mean annual reproductive output, R (t=1,2,...,10

yr), which was defined as the mean annual number of
young fledged per pair and which was estimated from
the number of owl pairs assessed for reproductive out-
put each year (n = 38-74). To examine the effects of
climate covariates, we used linear regression models
with expected annual reproductive output (R) as the
response. The use of linear regression assumed nor-
mally distributed subpopulations within years and sim-
ilar subpopulation variances across years (Graybill and
lyer 1994:110). Our data probably met the first as-
sumption because means, in general, are normally dis-
tributed under the Central Limit Theorem, regardless
of the underlying distribution (Johnson 1995). The sec-
ond assumption could not be met. Annual sampling
variances were proportional to their means, but were
not distributed as Poisson (P < 0.01) because fewer
broods of one young were observed relative to broods
of zero and two young. To deal properly with the lack
of homogeneity of variances in estimating o2gqa, We
used a maximum likelihood equivalent of |east squares
regression (Sakamoto et al. 1986:181), which account-
ed for separate variance components. The generalized
linear model we used was R = XB + g + v;, where
X was the design matrix, § was the vector of param-
eters, g ~ N(0, 0%4qua) that incorporated residual var-
iation unexplained by the model, and vy, ~ (O,
var(R | R)) that incorporated sampling variation around
the R. Solution of this model was expressed as the
likelihood to be maximized (McCullagh and Nelder
1989:24, 254):

In L(B, 0 Zgaua)
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where D was the dispersion matrix with oZgga +
var(R|R) as the diagonal elements and oZgu. +
covar (R, R|R, R) as the off-diagonal elements, and
|D| was the determinant of D. Eq. 14 was solved nu-
merically for o244 a the maximum log likelihood,
which was equivalent to minimizing the sum of the
squared ¢; under least squares estimation procedures
(Draper and Smith 1981:88). The B; were estimated as
B = X’'D1X)-1X'D-tY, with the corresponding vari-
ance—covariance matrix as V = (X'D-1X)-L This pro-
cedure was a regression model that included random
measurement error and allowed for direct estimation
Of Ofesicuar-

In addition to the climate covariates included in the
hypothesized reproduction models (Table 2), we in-
cluded age and sex effects in models as the proportion
of the pairs checked each year that had males (m) and
females (f) =3 yr old. We evaluated the goodness-of-
fit of models to the data, based on deviance estimates
and examination of residual plots. Deviance was esti-
mated as 2(In Ly — IN Liowa), Where In £, is the
maximum achievable log likelihood, given the data,
and In £, IS the log likelihood for the model of
interest (McCullagh and Nelder 1989:33). We used de-
viance to test whether a given model adequately fits
the data relative to the saturated model (in which the
number of parameters equals the number of data
points), which is asymptotically distributed as x? with
n — K degrees of freedom. We also visually examined
plots of standardized residuals against time, the pre-
dictors, and R for indications of lack of normality or
heteroscedasticity (Graybill and lyer 1994:251).

To examine the effects of landscape habitat covar-
iates, we estimated reproductive output (mean annual
number of young fledged per territory, again denoted
as R) using general linear mixed models. Mixed models
were used to appropriately estimate the standard error
of the sex, age, and landscape covariates that were
considered fixed effects. Territory was considered a
random effect, such that standard errors of the fixed
effects were estimated using the number of territories
(n = 95) rather than the total number of reproductive
outcomes occurring over al territories (n = 598). In
addition, mixed models allowed for direct estimation
of variance components, notably the spatial process
variation in reproductive output among owl territories.
Ideally, territories should have been randomly sampled
from alarger population in order to be considered ran-
dom effects, but they were not. However, the focus of
the analysis was on habitat effects, wheretheterritories
acted as blocks, and not on territory effects. Therefore,
we considered territories to be a random effect, rec-
ognizing that they were not randomly drawn from a
larger population.

The form of the general linear mixed model we used
was

Y=XB+Zu+e (15)
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whereY isan n-vector of observed reproductive output
over t years and s territories; X was an n by p known
design matrix representing p effects; g was a p-vector
of unknown fixed-effect regression parameters; Z was
an n by g known design matrix for the random-effects
portion of the model; u was the g-vector of unknown
random coefficient parameters; and e was the n-vector
of random (often measurement) errors whose elements
were not required to be independent (Wolfinger 1993,
Littell et al. 1996). The variance of y is 0344 + 02
where 02, iS the spatial process variance component
among spotted ow! territories, and o2 is the variance
due to random errors. The covariance matrix of Y is
denoted as: V(Y) = ZGZ' + E, where G isthe diagonal
matrix containing variance components (i.e., 624ia),
and E contains the error variances, i.e., o2 (Jennrich
and Schluchter 1986, Wolfinger 1993). The random
variable u and error vector e are assumed to be dis-
tributed as multivariate normal with a mean vector of
zero and covariance matrix E. Thus, Y is assumed to
be distributed as multivariate normal with mean X
and variance ZGZ' + E. Several lines of evidence
support the use of a normal-based approach in analyz-
ing these data. ANOVA methods are robust to fairly
severe departures from normality and heterogeneity in
sampling variances, even with data distributed as aneg-
ative binomial (Mitchell 1977, White and Bennetts
1996). Although Poisson regression in a generalized
linear model may adequately deal with overdispersion
in count data, such as that used in estimating repro-
ductive output, ANOVA ismore robust to considerable
departures from non-normality and heterogeneity of
sampling variances than is Poisson regression when
count data are not distributed as Poisson (White and
Bennetts 1996).

The error variance matrix E can be structured to
account for heterogeneous sampling variance structures
using maximum likelihood approaches (Littell et al.
1996), which are analogous to a weighted regression
(Draper and Smith 1981:108). Thus, the problem of
heterogeneous sampling variances discussed previous-
ly can be dealt with adequately. We used a maximum
likelihood-based approach in PROC MIXED of pro-
gram SAS (SAS Institute 1997) to model first the co-
variance structure of E and then to examine the fixed
effects in the hypothesized models and their variants.
Following Diggle (1988) and Wolfinger (1993), we
used restricted maximum likelihood estimation in an
over-fitted model that included all of the fixed effects
to explore various covariance structures in E to model
annual sampling variances. Selection of an appropriate
covariance structure was based on AlCc (see Model
selection) using the number of estimated covariance
parameters, but not the number of estimated fixed ef-
fects, because restricted maximum likelihood estima-
tion is based solely on the covariance parameters. Once
an appropriate covariance structure was achieved for
properly weighting the years, full maximum likelihood
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estimation, rather than restricted maximum likelihood
estimation, was used as the basis for examining hy-
pothesized models because the latter eliminates the
fixed effects (Wolfinger 1993).

We modified the data slightly to estimate reproduc-
tive output with the landscape habitat covariates. First,
we excluded eight Northern Spotted Owl territories in
which reproductive output had not been adequately es-
timated for at least three years. This reduced the num-
ber of territories included in the analysis to 87. In ad-
dition, we included only reproductive outcomes in
which the femal e age was known (to allow for adequate
modeling of female age effects). Female age has a
strong effect on reproductive output (Franklin et al.
1996b), whereas male age seems to have little effect
(Franklin 1992). Thus, reproductive output was rede-
fined as the mean annual number of young fledged per
female of known age.

Modeling recruitment.—Recruitment is a function of
survival of young through their first year, reproductive
output, and immigration. Immigration in Northern
Spotted Owls may be from interterritorial movements
or from a surplus population of nonterritorial birds, i.e.,
floaters (Franklin 1992). Spotted owls are highly ter-
ritorial and tend to exhibit high site and mate fidelity
(Forsman et al. 1984, Gutiérrez et al. 1995), suggesting
that spacing behavior may limit the number of indi-
viduals that are able to breed. Thus, recruitment is an
important parameter because it represents the success-
ful integration of young into the breeding population,
even when that entry is delayed by several years (young
may enter a floating, surplus population before attain-
ing a territory; Franklin 1992). Recent developments
in capture—recapture theory (e.g., Schwarz and Arna-
son 1996) allowed recruitment to be modeled using the
approach previously outlined.

Recruitment was estimated from a subset of the cap-
ture—recapture data using modeling procedures in pro-
gram POPAN-4 (Arnason et al. 1995). This subset in-
cluded data from the Willow Creek study area and 12
sites from satellite areas that had been consistently sur-
veyed since 1985. Recruitment was modeled with the
climate covariates under a framework similar to that
for survival probabilities, with some exceptions. In the
most general model under POPAN-4, maximum like-
lihood estimates are computed simultaneously for ¢,,
p. and two new parameters: s, the fraction of total net
births that enter the system betweentandt + 1 (called
entry probabilities), and N, the total humber of ani-
mals that enter the system and survive until the next
sample time (Schwarz and Arnason 1996) during the
10-yr study period. Population size, N, is then esti-
mated from these parameters. Parameter estimates of,
&, p, and ¢ can be constrained by external covariates.
Model selection procedures followed those described
in Modeling survival. However, POPAN-4 does not al-
low the inclusion of group effects, such as sex, so we
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were unable to estimate recruitment separately for
males and females.

In all recruitment models, ¢ and p were structured
based on the best climate model selected from the sur-
vival analysis. Hypothesized models were first ana-
lyzed in terms of {s. After selection of the *‘best”” model
in terms of Y, we estimated recruitment rate (b) as

2 — l}’}’\t Ntot

b, R, (16)

where N,_, was the estimated territorial population size
from the previous year, and s, N, represented the num-
ber of new recruits into the territorial population at
time t. Thus, b was the number of new recruits in the
territorial population at timet + 1 per territory holder
in time t. The variance-covariance matrix for b was
estimated using the delta method (Bajpai et al. 1978:
146). The estimates of b and their sampling variance—
covariance matrix were used in Eq. 14 with the climatic
covariates from the selected model to obtain regression
coefficients, and their standard errors, in terms of b
rather than .

Selection of hypothesized models
for life history traits

The most critical problem in analyzing empirical
datais selecting an appropriate model that is supported
by the science of the situation, by the data, and that
has enough parameters to avoid bias, but not so many
that precision is lost (Burnham and Anderson 1992).
We used a bias-corrected version of Akaike's Infor-
mation Criterion, AlCc (Akaike 1973, Hurvich and Tsai
1989, Burnham et al. 1995) as the basis for objectively
ranking models and selecting an appropriate ‘* best ap-
proximating’”” model. AlCc was defined as

2K(K + 1)
= - + 2K + ———=
AlCc = —2(n 1) + 2K + = —=

1
where In(£) is the natural logarithm of the likelihood
function evaluated at the maximum likelihood esti-
mates for a given model; K is the number of estimable
parameters from that model; and n is sample size. In
the capture—recapture models, n was the sum of the
total number of animals captured and released in each
year. The ‘‘best approximating’’ model for each life
history trait was selected based on minimum AlCc.

Modelswere ranked and compared using AAICc (Le-
breton et al. 1992, Burnham and Anderson 1998) and
Akaike weights (Buckland et al. 1997). AAICc was
computed as

AAICc = AlICc — AlCc,, (18)

where AlCc; was the AlICc value for the ith model in a
suite of models being compared, and AlCc,;, was the
minimum AlCc vaue among those models. In short,
AAICc; is an estimate of the relative distance between the
best approximating model and model i. Akaike weights
(w;) were computed for each ith model as follows:
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P 2

S exp _<AA;Cci>

AAICc and Akaike weights were used to address model
selection uncertainty. In general, models within 1-2
AlCc units of the selected model were considered com-
peting models. Because standard errors estimated for
the life history traits are conditional on the selected
model, there was another element of uncertainty in se-
lecting an appropriate model when eval uating estimates
of precision (Buckland et al. 1997). Therefore, esti-
mates of precision in the parameters may have been
somewhat optimistic. We were unable to account for
this uncertainty due to model selection using current
methods (Buckland et al. 1997), because we were in-
terested in B, and SE (B;), which corresponded to dif-
ferent effects among models.

We had a number of variations that represented the
specified effects of the base hypothetical models in
Tables 2 and 3; of these variations on the same model,
we selected the best approximating model based on
minimum AlCc. Thus, each hypothesized model was
represented by a suite of models that included age and
elevation effects, interactions between effects, and dif-
ferent forms (i.e., linear, pseudothreshold, and qua-
dratic) of the covariates. We then used the model with
minimum AICc from each suite to represent each of
the hypothesized models. After model selection, the
influence of additional effects, such as sex, on the
“best” model selected was assessed by examining
Akaike weights for the best approximating model, us-
ing models that included or excluded pertinent effects
of interest. The utility of slope parameters (3;) in mod-
els was assessed based on the degree to which 95%
confidence intervals overlapped zero (Graybill and lyer
1994).

We examined potential correlations between covar-
iates after the analysis of hypothesized modelsto avoid
subjective biases in formulation of the models. Infor-
mation on correlations between covariates was then
used to explore better models for the data than those
initially hypothesized. Sensitivity of either & or R to
changesin covariates in the best approximating models
was assessed by (1) setting covariate values to their
mean, (2) changing the covariate of interest by 25% of
its mean value, (3) estimating percentage change in
¢ or R due to the 25% change in the covariate of in-
terest, and (4) ranking covariates based on the per-
centage change in é or R. Sensitivities were expressed
as percentage change in the parameter.

.. (19)

Estimation of fitness

Rates of population change.—We estimated annual
rates of population change (\) as a function of both
recruitment rate and apparent survival. Population size
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can be expressed in terms of the difference equation:
Neep = (B + DN+ (1 —d = eN, (20)

where, B d, i, and e are rates of birth, death, immigra-
tion, and emigration, respectively. Because our esti-
mates of recruitment rate and apparent survival can be
expressed as b= +fand$ =1 —d — & Eq. 20
can be rewritten as N,,, = BN, + ¢N,. By definition,
annual estimates of A can be expressed as &\, =
N.../N,, which can then be rewritten, in terms of re-
cruitment rates and apparent survival, as
A= Db+ b
Sampling variances for A, were estimated as
var(\) = var(b) + var(d) + 2cov(b,b) (Bajpa et
a. 1978).

To evaluate potential long-term consequences of cli-
mate variation on life history traits and rates of pop-
ulation change, we examined the behavior of climate
models for each life history trait using a long-term
record of climatic observations from 1955 through
1984 obtained from the same weather stations used to
develop the climate models. We examined model be-
havior using aforecasting philosophy (what could hap-
pen, given that a particular empirical model is correct
and underlying conditions remain similar) rather than
as prediction (what will happen) (Caswell 1989a:20).
We also used the same covariates as those used to de-
velop the model s, and that appeared in the final selected
climate models. Sampling variances of estimates from
before the study period were estimated using the delta
method (Bajpai et al. 1978).

Habitat fitness potential.—To estimate fitness, we
used the Leslie matrix approach outlined by McGraw
and Caswell (1996), but with some modifications. We
estimated the necessary components of fitness (survival
and reproductive output) based on landscape habitat
characteristics, not on individual attributes. Therefore,
we defined habitat fitness potential (\,;) as the fitness
conferred on an individual occupying aterritory of cer-
tain habitat characteristics. This definition does not im-
ply that territories have fitness themsel ves, because ter-
ritories with high habitat fitness potential may not al-
ways be occupied; occupancy was not included in the
estimation of fitness. Rather, A, can be viewed as the
potential fitness that an individual can achieve if it
occupies a particular territory with certain habitat char-
acteristics.

To estimate \,, we used the best approximating mod-
els for survival and reproductive output to estimate
survival, fecundity, and their sampling variances for
each of the 95 Northern Spotted Owl territories. Sam-
pling variances were estimated using the delta method
(Bajpai et a. 1978), which incorporated the covariance
matrix from the best approximating model. Fecundity
(the mean number of female young fledged per female)
was estimated by dividing estimates of reproductive
output by two; the sampling variances for fecundity

(21)
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were calculated by dividing the sampling variances for
reproductive output by 4 (see Franklin et al. 1996a).
Because fecundity was femal e based, A\, was applicable
to female fitness only.

Once survival and fecundity had been estimated for
each of the 95 territories, Ay was estimated for each
territory as the dominant, real eigenvalue of an esti-
mated stage-based Leslie matrix. This matrix took the
following form:

d)l,ZrnS ¢3ﬁ13D

12 O
0 b1 s O
where $ was apparent survival; and  was fecundity,
with subscripts ‘1, 2" representing parameter esti-
mates for 1- and 2-yr-old owls, and subscript *“3" rep-
resenting estimates for owls >3 yr old. The form of
the matrix was based on the age effects found in the
best models for survival and reproductive output (see
Results). For example, estimates of ¢ and reproductive
output for territory A were obtained from the best mod-
els for survival and reproductive output, respectively,
using the habitat covariates from territory A. After
transforming reproductive output to fecundity, we then
used these estimates in matrix 22 to estimate A\, for
territory A.

The final form of the matrix depended on the age
structure in the best approximating models for survival
and reproductive output. Standard errors of territory-
specific estimates of A\, were estimated using the delta
method, which incorporated the standard errors for ter-
ritory-specific estimates of the survival and fecundity
estimates. Incorporation of age structure into the es-
timates of A, further complicated its interpretation. If
age structure was incorporated into the best approxi-
mating models for either survival or reproductive out-
put, then \,, was based on a female first colonizing a
territory as a 1- or 2-yr-old.

12 rnl,2

[

(22)

[
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Components of variation analysis

We used the annual means estimated directly from
the data as a basis for estimating temporal process var-
iation (o&mpoa) iN reproductive output. The capture—
recapture data were initially modeled with time effects
to determine whether temporal process variation ex-
isted. If a time-dependent model (¢, or b,) explained
the data better than did a model with time-invariant
parameters (¢- or b), the annual estimates from that
model were used to estimate of,,- Temporal process
variation in each of thelife history parametersand rates
of population change was estimated as the numerical
solution of the following equation for oZ.... (after
Burnham et al. 1987:263):

(P-d1bP-d1) =1 (29

n-1

where
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6 = [(DP)’ 1J[(D1) 1] * (24)

and D = (0Zmpa | + V)% Pisavector containing the
annual estimates of either ¢, R, b, or \; nisthe number
of annual estimates; 1 isavector of 1's; | isan identity
matrix; V is the conditional (sampling) variance—co-
variance matrix for the estimates; and § is the weighted
mean of the parameter of interest. We used the rela-
tionship for temporal variation where 62,44 =
04imae T O2saua 1O €Stimate the amount of variation due
to climate (63;mae) - BECAUSE 0244, WaS estimated when
modeling reproductive output, ;.. Was estimated as
Gmpora — Olesaua Where o2,.0 Was estimated using Eq.
23. For survival and recruitment, the contribution of
G Zimae IN €XPlaAINING 62,00 WaS estimated by regressing
annual estimates of logit(¢) or b, including their sam-
pling variances and covariances, obtained from the
time-dependent models (¢, or b)) against the climatic
covariates included in the *‘best”” climatic model se-
lected for each life history trait. The form of the re-
gression followed Eq. 14 to estimate 02444 The es-
timated amount of variation explained by the best cli-
mate model (034 could be assessed as GZ o —
02 Weighted means of parameters were estimated
using Eq. 24.

To estimate the amount of spatial process variation
(0Z4a) in survival, we first estimated survival proba-
bilities for each territory, using the same structure on
the capture probabilities as the best approximating
model. We estimated 02,4 using Egs. 23 and 24. The
amount of this variation explained by the best approx-
imating model (62,.4) Was estimated as the empirical
variance of the predicted estimates of ¢($;) from the
following model:

Glodd = = (25)

where n = 95 territories. We estimated 95% confidence
intervals as:

RO
X54,0975

following Burnham et al. (1987:265).

In the general linear mixed model approach for es-
timating reproductive output, we estimated 2,4 Using
an intercepts-only (‘““means’”) model in PROC MIXED
in SAS (SAS Institute 1997). This model retained the
best covariance structure for E (Eq. 15) used in the
hypothesized model, included territories as a random
effect, and used restricted maximum likelihood pro-
cedures (Wolfinger 1993). We also ran the best ap-
proximating model again, using restricted maximum
likelihood procedures to obtain an estimate of the spa-
tial process variation not accounted for by the fixed
effects (624qua)- At this point, restricted maximum like-

;@—&2

2
X84, 0025

(26)

2
= Ofodd =
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lihood procedures estimated variance components
based on the residuals after the fixed effects had been
fit to the model (Searle et al. 1992:250). Thus, the use
of these two models allowed decomposition of 62,4
into the component explained by the fixed-effects mod-
el (6204e) and the component not explained by the fixed-
effects model (6244uq)- T the best approximating model
included only habitat covariates, then the amount of
GZuia €Xplained by habitat variation (62, equaled
(6200a)- However, if age effects were included in the
best approximating model, then the amount of spatial
process variation due to the age of individuals (63,)
was partitioned by estimating 62444, Using the design
matrix for an age effects model and estimating 63, as
GZuia — Olsaua- AN estimate of G2, was then found
similarly, using the design matrix containing habitat
covariates only from the best approximating model.
L og-based 95% confidence intervals for 62, were es-
timated using SE (62,,) from PROC MIXED and for-
mulas in Burnham et al. (1987:212). We directly es-
timated 02, for habitat fitness potential using Egs. 22
and 23. Log-based 95% confidence intervals were also
estimated for 62, of habitat fitness potential.
Coefficients of process variation were estimated as

V& grooes

= (27)
0

where § was the weighted mean (based on Eq. 24) of
parameters of interest. Coefficients of process variation
were used to estimate the degree to which parameters
varied over time or space.

Relative contributions of climatic
and habitat variation

We examined the importance of climatic and habitat
variation by comparing models explaining variation
due to climate and habitat, and by comparing com-
ponents of process variation. In a model selection ap-
proach, we combined the effects in the best approxi-
mating model used to describe the effects of climate
and habitat, respectively, on apparent survival and re-
productive output. We used the model selection ap-
proach in the following manner to address the question
of whether habitat quality buffered individuals from
the extremes of climate. For each life history parameter,
we analyzed models that combined the climate and hab-
itat covariates from the best approximating models in
additive models. We compared these models to ones
that included all possible combinations of interactions
between climate and habitat covariates. Only the full
interactions between climate and habitat covariates
were included. We used the notation of (climate co-
variates)* (habitat covariates) to indicate both main ef-
fects and their interactions.

M odelswith interactions between climate and habitat
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suggest that habitat might buffer or intensify the effects
of climate on individuals, depending on the sign of the
slope parameter for the interaction. AICc and Akaike
weights were used to determine whether an additive
model (oneindicating that habitat quality did not buffer
climate effects) or a model with interactions (one in-
dicating that habitat quality buffered climate effects)
was the best approximating model for the data. In mod-
els examining effects on reproductive output, year was
considered a fixed effect. Model selection was based
on comparisons of AlCc and Akaike weights computed
for each model. If either of the models containing the
climate or habitat covariates alone was strongly se-
lected as the best approximating model, then this sug-
gested that either climatic variation or habitat variation
alone was responsible for variation in the life history
trait being examined. However, if the model containing
both sets of covariates was selected as the best ap-
proximating model, this suggested that both climate
and habitat were important in influencing process var-
iation of life history traits. This approach examined the
relative importance of climate and habitat effects on
survival and reproductive output.

In order to estimate the magnitude of the effects of
climate and habitat on variation of survival and repro-
ductive output, we used a components of process var-
iation approach. We compared the estimates of the
components of process variation separately for survival
and reproductive output. The total process variation
examined in this study for each life history trait
(02,,) can be expressed as

(28)

where 02,04 ad 02,4, are the estimates of total tem-
poral and spatial process variation, respectively;
0200 1S the amount of process variation explained by
both the models relating the life history trait to climate,
habitat, and other effects; and o244, IS the amount of
process variation unexplained by any of the modeled
effects. The estimate of o2, Can be further partitioned

into

2 — 2 2 — 2 2
Oftota = (’-temporal + O-spatial = Oinodel + O residual

(29)

where o34 Was estimated based on the best approx-
imating model containing climate covariates; o2,,ix Was
estimated from the best approximating model contain-
ing landscape habitat covariates; and o2, Wwas any oth-
er effects, such as age or sex, that were included in the
final models. The proportion of o2, accounted for by
climate, habitat, or other effects can then be expressed
as

2 — &2 2 2
Ofodd = OCiimate T Ofavita T Oother

ok

52 (30)
model

where x is climate, habitat, or other. In this way, we
estimated the relative contributions of climate, habitat,
and other effects to total process variation.
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Effects of climate on temporal variation
in population processes

Survival probabilities—From 1985 through 1994,
we marked 57 1-yr-old, 45 2-yr-old, and 206 =3-yr-
old Northern Spotted Owls; these were roughly equal
by sex (150 femalesand 158 males =1 yr old). A global
model {bgan Psadg a@lowing survival and recapture
probabilities to vary over time by sex (s) and age clas-
ses (a) with all interactions was found to adequately
fit the data (x2 = 50.02, df = 79, P = 0.99). No ov-
erdispersion was evident in the data (x2,/df = 0.633).

Before modeling with the climatic covariates, we
first examined the capture—recapture datafor significant
time variation, in addition to sex and age class effects,
and the interactions between those effects on ¢ and p.
These models ranged from the global model with 84
parameters to the simplest model {¢., p.} with only two
parameters. | ntermediate model sincluded various com-
binations of pooled age classes with and without sex
and time effects. Based on minimum AlCc, model { ¢,
p.. was selected as the best approximating model (K
= 12 parameters), given only the sex, age, and time
effects examined. This model indicated that survival
probabilities varied over time, with no sex or age ef-
fects, and that recapture probabilities were best struc-
tured based on differences in recapture methods during
the study that varied by sex. The next four time-only
models ranked by AlICc (AAICc = 0.461-1.667) also
included a year-dependent (t) structure in ¢ and in-
cluded p..

We then examined the eight hypothesized climatic
models (Table 2) in addition to 79 climatic models rep-
resenting variations on the hypothesized models (e.g.,
quadratic structure on, ¢, different structures on p). Of
these models, { dp_, 1., Ps, o} Was selected as the best ap-
proximating model based on AlCc (Table 4), where the
annual estimates of Pg and T explained time variation
better than just the time model {¢,, ps..}. The data did
not support inclusion of sex effects or a quadratic term
in the selected model to simulate the negative effects of
drought (Table 5). Model {dbp_ 1., Pt Still exhibited
adequate goodness-of-fit to the capture-recapture data
(x? = 125.63, df = 157, P = 0.97). Therefore, we
retained { p_ 1., Pso} 8Sthe most parsimonious expla-
nation of survival in spotted owls =1 yr old. This mod-
el was a better explanation of the data than those based
on variable or linear time models (Table 4). Model
{bpeite Psicr explained variation in survival as

. 1

=17 exp[—(0.11164 — 0.06753P; + 0.01035T.)]
(31

where SE(B,) = 1.0844; sE (B,) = 0.0346 (95% cI =

— 0.1353, 0.0003); and sE(B,) = 0.0038 (95% cI =
0.0029, 0.0178). Confidence intervalsfor both slope pa-
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TaBLE 4. Ranking of a priori hypothesized models relating climate covariates to apparent
survival probabilities (owls = 1 yr old), reproductive output, and recruitment for Northern

Spotted Owls in northwestern California.

Model Hypothesist K¥ AlCc AAICc w,
Apparent survival models (all
models with pg, )
bpeie 3 6 1293.93 0.00 0.426
Pus+Pe 4 6 1294.19 0.27 0.373
P Tu+ Pet Te 6 8 1296.73 2.81 0.105
Pt Te 5 6 1298.15 4.22 0.052
S 8 6 1299.33 5.40 0.029
Pyt Poy+ Ty + Pt P24 Te 7 10 1300.80 6.88 0.014
" 1 5 1303.72 9.80 0.003
bey T 2 6 1303.99 10.07 0.003
Reproductive output models
Rz 2 3 —28.62 0.00 0.971
Rs i1 6 4 —21.19 7.42 0.024
P, 3 4 —-17.59 11.02 0.004
. 1 3 —14.99 13.63 0.001
T 4 4 —-12.04 16.58 0.000
T 5 4 -9.16 19.46 0.000
T 10 4 -8.74 19.88 0.000
T 9 4 -8.01 20.61 0.000
Ter T, 11 5 0.26 28.88 0.000
Tt PLAT, 7 6 2.04 30.65 0.000
T Pt Te 8 6 11.69 40.31 0.000
Recruitment models (all models
include ¢p,.1., Po)
p2,.p2 b4 9 965.99 0.00 0.498
P Tort Pet e $6 11 967.11 111 0.286
T 4 10 968.51 251  0.142
Po+To Py 5 10 972.18 6.18 0.023
Po+Pw 2 9 972.64 6.65 0.018
Pt Tw b2 9 972.84 6.84 0.016
Pot ot Puyt T 6 11 974.11 8.11  0.009
Po+To 3 9 976.48 10.48 0.003
ip, R1 8 976.90 10.90 0.002
Up? R2 8 977.68 11.68 0.001
Up, 1 8 977.80 11.80 0.001

Note: Ranking is based on AlCc values; W, values are Akaike weights.
T Numbers correspond to those in Table 2; ¢ indicates an a priori climate model proposed
for survival probabilities; R indicates a model proposed for reproductive output (see Table 2).

F Number of estimable parameters.

rameters suggested that the effects werereal. Recapture
probabilities were high, with p = 0.723 (sE(p) =
0.050) and 0.797 (SE(p) = 0.058) for females and
males in 1986-1987, respectively, and p = 0.912
(SE(P) = 0.018) and 0.940 (SE(p) = 0.022) for fe-
males and males in 1988-1994, respectively. Under
{bpeir Psiot, @nnual survival was negatively affected
by increased precipitation (P) and positively affected
by increased temperature (T) during the early nesting
period (E). Thus, cold, wet springs had anegative effect
on survival, whereas warm, dry springs had a positive
effect (Fig. 4a). Changesin apparent survival predicted
from Eq. 31 were most sensitive to changes in Tg
(17.8% change in &) followed by changes in P (4.5%
change in $). The model selected accounted for a sub-
stantial amount of the temporal process variation in
survival probabilities (Table 6). However, the coeffi-
cient of temporal variation based on 62,4 Was rela-
tively small, suggesting that temporal processvariation
in annual survival probabilities was low (Table 6).

One model, {dp,:po Psict, Was weighed almost
equally with {$p_, 1., Ps.o} @nd was considered a po-
tential competitor to this model (Table 4), representing
another possible explanation for survival that was still
negatively affected by increased precipitation in the
early nesting period, but positively affected by in-
creased precipitation during the winter. The covariates
P and P, were not highly correlated (r = 0.29), which
suggested that model { g, p., Psiof Was Not competi-
tive because of colinearity between Pg and P,,. How-
ever, inclusion of the covariate P,, in mode
{dpeiter Psict (9., 3S {dpypeiter Psict) Was not well
supported (Table 5). Therefore, we retained the sel ected
model { dp_, 1., Psict iN analyses of population rates of
change, but suspected that model {bp, . p. Psict May
be important in future analyses when more data have
been collected, or in other data sets.

Reproductive output.—Annual estimates of R varied
from 0.150 to 0.810 (Fig. 4b). Estimation of R did not
require the intermediate modeling process used with
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TaBLE 5. Ranking of the best approximating models for apparent survival, reproductive
output, and recruitment for Northern Spotted Owls in northwestern California, relative to
models in which specific effects were included, excluded, or changed.

Change in best
Model approximating model AlCc AAICc W,
Apparent survival (¢)
bpeiter Psic Best model (no change) 1293.93 0.00 0.291
pe-Ter Pe Exclusion of sex in p 1294.60 0.68 0.207
puw+PetTe Psic  INclusion of py in ¢ 1294.89 0.96 0.180
bpeip2ite Psic  Additional quadratic term for P in¢  1295.93 2.00 0.107
s+Pe+Ter Psic Inclusion of sex on ¢ 1295.94 2.01 0.106
Ter Psic Exclusion of Pgin ¢ 1296.14 2.21 0.096
bper Psic Exclusion of Tgin ¢ 1300.38 6.45 0.012
o Psic Random time 1304.66 10.74 0.001
b, Psic No effects (means model) 1306.89 12.97 0.000
s Pesc Linear effect on time 1308.68 14.76 0.000
Daoitr Psic Inclusion of age (1-2 vs. = 3-yr-old) 1310.55 16.62 0.000
it Psic Inclusion of age (1- vs. > 2-yr-old)  1313.37 19.45 0.000
Reproductive output (R)
Rs2 Best model (no change) —28.62 0.00 0.638
Rozm Inclusion of male age —26.05 2.57 0.177
P2 Additional quadratic term for P_ —-25.31 3.31 0.122
Rz Inclusion of female age —22.68 5.94 0.033
. Exclusion of quadratic effect —22.35 6.27 0.028
R. No effects (means model) -17.14 11.48 0.002
Ry Linear effect on time —14.18 14.44 0.000
Recruitment models (V).
All models include bp 7., Pe
Pp2,p2 Best model (no change) 965.99 0.00 0.355
Pur+Pe No quadratic effect 966.42 0.42 0.288
Uy, P3Pt P2 Additional quadratic termsfor P, and  967.11 1.11 0.204
Pe
U/ Random time 968.51 251 0.101
Y. No effects (means model) 972.18 6.18 0.016
Uy, Linear effect on time 972.64 6.65 0.013

Note: Ranking is based on AlCc values; w; values are Akaike weights.

the capture-recapture data. Therefore, resulting esti-
mates were used directly in the components of variance
analysis. We examined the 11 hypothesized climate
models (Table 2) in addition to 56 intermediate models
that included the age and sex covariate (m and f) and
different nonlinear structures of the climatic covariates.
Of the models examined, model { Rz} had the lowest
AlCc (Table 4) and was selected as the best approxi-
mating model given the data. We were unable to com-
pare other models with model { R} using AlCc because
model {R} was saturated (i.e., K = n). The form of
model {Rs2} was

R = 0.8394 — 0.0030 (P,)? (32)
where R was mean annual reproductive output and P
was the number of days of measurable precipitation
during the late nesting period. The goodness-of-fit test
based on deviance indicated no evidence for lack of fit
of the data to the model selected (x? = 6.051, df = 7,
P = 0.534). Examination of residual plots did not sug-
gest any violation of the key assumptions in linear re-
gression. Therefore, model {R-2} was considered an
appropriate model for relating mean annual reproduc-
tive output with climatic variation in the linear mod-
eling framework. Parameter estimates were precise for

this model, with SE(B,) = 0.0538 and sE(B,) =
0.0004 (95% c1 = —0.0040, —0.0021). Confidence in-
tervals for 3, did not overlap zero, supporting a neg-
ative trend in reproductive output with respect to pre-
cipitation during the late nesting period.

Model {Rs2} represented hypothesized model 2 (Ta-
ble 2), which predicted a negative relationship between
reproductive output and precipitation during the late
nesting period. The quadratic effect in this, and in mod-
el {Rs .pz}, Was not indicative of a drought effect, as
proposed in some of the models. Rather, it appeared to
describe more of aplateau effect in reproductive output
at lower levels of precipitation (Fig. 4b). The one ex-
treme point in Fig. 4b was not considered an outlier,
but a real event that represented a region-wide reduc-
tion in reproductive output throughout the range of the
Northern Spotted Owl (see Burnham et al. 1996). In
not including the P_ term in the quadratic, model
{Re2} restricts maximum reproductive output at zero
number of days of precipitation. However, lack of this
term in the selected model suggests that this was an
appropriate restriction (Table 5). Based on Akaike
weights, the selected model was heavily weighted (Ta-
ble 4), suggesting that the other hypothesized models
were not competitive with the selected model. Inter-
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Fic. 4. Predicted values of (a) apparent survival of North-
ern Spotted Owls =1 yr old in relation to precipitation and
temperature in the early nesting period; (b) annual reproduc-
tive output (mean + 1 SE) of Northern Spotted Owlsrelative
to number of days of precipitation in the late nesting period;
and (c) recruitment rate of Northern Spotted Owls relativeto
number of days of precipitation in the winter stress period
(W) and early nesting period (E) in northwestern California.
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estingly, the covariate P, was present in the first three
models ranked by AICc (Table 4), suggesting that it
was an important covariate for explaining reproductive
output.

Model {Rs2} estimated no significant residual vari-
ation (Table 6), indicating that this model explained all
of the estimable temporal process variation. The 95%
confidence intervals for o, fOr reproductive output
did not overlap zero, and the coefficient of temporal
process variation was much greater relative to survival
probabilities (Table 6). All of these suggested that
O &mpora 1N reproductive output was large and was mostly
explained by climatic variation, primarily precipitation
during the late nesting period.

Recruitment rate.—We relied on the results of the
goodness-of-fit procedures used for the survival anal-
ysis as the basis for assessing goodness-of-fit in the
recruitment models. Survival and recapture probabili-
tieswere modeled as{ bp,. 1. P}, the best climate mod-
el describing survival, in al models used to estimate
recruitment. Recapture probabilities were structured as
p. rather than p,.. (as in the best climate model for ¢)
for recruitment model s because POPAN-4 did not allow
for group (i.e., sex) effects in estimation procedures.
When we examined time effects only, model
{¥ dpeite P had the lowest AICc among models
with linear time {{, ¢p.. 7, P and no time
{¥., dpi1 P (Table 5). Estimates of ¢ from the time-
dependent model were then transformed into recruit-
ment rates (b), which were used to estimate components
of temporal process variation in recruitment rates.

We examined 33 additional recruitment models that
included the hypothesized models describing climatic ef-
fects on survival, reproductive output, and recruitment
(see Table 2). Model { Uz, p2, dp.i1 Pt Was selected as
the most parsimonious model based on minimum AlCc
(Table 4). Model {17y +pe 1o Preirer Pt Was a poten-
tial competitor based on Akaike weights (Table 4). This
model differed from the selected model by including tem-
perature covariates, T,y and T.. Otherwise, it included the
same precipitation covariates as the selected model. We
concluded that mode! {Upz, p2, Gp.ite Pt Was best sup-
ported by the data based on minimum AlCc, but that
inclusion of covariates T,, or Tz might be supported in
models based on additional data. Estimates of s from the
selected model were transformed into recruitment rates
(6), which were regressed against the same climate cov-
ariates to yield (using random-effects models)

b = 0.24732 — 0.00139(P,,)2 + 0.00048(Pg)?

as the model explaining variation in recruitment rates,
with SE(,) = 0.04121, sE(B,) = 0.00037 (95% ci =
—0.00212, —0.00067), and sk (B,) = 0.00021 (95% ci
= 0.00007, 0.00089). Confidence intervals for the slope
parameters did not overlap zero, suggesting that the trends
were meaningful. In this model, recruitment rates were
negatively affected by increased winter precipitation and
positively affected by increased precipitation during the

(33
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TaBLE 6. Components of temporal variation for apparent survival, mean reproductive output,
recruitment rate, and rate of population change for Northern Spotted Owls in northwestern
California, with 95% confidence limits in parentheses.

Apparent Reproductive Recruitment Rate of population
Parameter survival (¢) output (R) rate (b) change (\)
ot | 0.8755 0.6129 0.1379 1.0086
SE(B) 0.0173 0.0640 0.0300 0.0224
G Zmpora 0.0013 0.0291 0.0063 0.0031
R (0, 0.0087) (0.0105, 0.1128) (0.0015, 0.0309) (0.0008, 0.011)
cv(®)f 0.0410 0.2784 0.5755 0.0552
G ZimaeS 0.0013 0.0291 0.0063
a'r&ddual 0 0 0
(0, 0.0008) (0, 0.0103) (0, 0.0036)

Note: Survival probabilities are for owls = 1 yr old.

T Weighted mean (see text for details).

T Coefficient of temporal process variation estimated as &tempo,a/é and represented as pro-

portions.
§ Estimated as Utzzllmae = 0-'(Zemporal - O-rzadual-

early spring (Fig. 4c). Changes in recruitment predicted
from Eq. 331 weremost sensitiveto changesin P, (516.1%
change in b) followed by changes in P¢ (51.8% change
in b).

Forecasts

Study Period

Apparent
Survival

Reproductive
Output

Recruitment

Rate of
Population Change

TT T T T T T T T I T T T T T T T T P T T 1T 1 rrrrT

36

1 6 1 16 21 26 31
Year

Fic. 5. Annual estimates (solid line) and 95% confidence
intervals (dashed lines) for apparent survival, reproductive
output, recruitment rate, and rates of population change,
based on selected climate models for Northern Spotted Owls
in northwestern California. The solid vertical line separates
estimates for the study period and forecasts from a 30-yr
climate trace recorded from 1955 to 1984, which does not
represent future predictions beyond the study period. The
horizontal dashed line represents A = 1.

The climate model selected explained variation in s
significantly better than did the random or linear time
models (Table 5), with little residual variation esti-
mated (Table 6). The coefficient of temporal process
variation for b was substantially higher than those for
the other life history parameters (Table 6), suggesting
that it exhibited the greatest year-to-year variation rel-
ative to survival and reproductive output. Model
{Upz,p2 bpite Pt explained all of the estimable tem-
poral process variation, suggesting that the climatic
covariates were primarily responsible for temporal pro-
cess variation.

Population rates of change.—We used parameter es-
timates from the models selected to explain survival
probabilities and recruitment rates to estimate annual
rates of population change N from Eqg. 21 and their
standard errors. Based on A and s (A), A = 1 wascon-
tained within the 95% confidence intervals for
X (0.9594, 1.0578), suggesting that the population
could be stationary during the study period. The level
of temporal process variation in A was low based on
its coefficient of temporal process variation (Table 6).

Forecasts with climate models.—Fig. 5 shows the
forecasts of point estimates, and their 95% confidence
intervals, from the models selected to represent cli-
matic variation in the demographic parameters and rate
of population change, based on the 30-yr period from
1955 through 1984. These forecasts are properly in-
terpreted as what might occur if a similar trend in cli-
mate were observed in the future, given that the models
used are reasonably correct and other conditions af-
fecting the estimates remain the same. Thus, the traces
in Fig. 5 represent what could happen, given the con-
ditions stated previously, rather than what will happen
in future years. Therefore, inferences about small-scale
variation in the long-term trends are limited. However,
large-scale trends can provide some insights into how
climate may affect these life history traits over time.

Three important results are evident in examining
trends forecasted over 30 yr. First, point estimates of
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survival and recruitment, the parameters used to esti-
mate \, were negatively correlated (Pearson’'s r =
—0.340, P = 0.07), but not strongly so. This may reflect
the influence of precipitation during the early nesting
period, which negatively affected survival but posi-
tively affected recruitment. However, there is also in-
herent sampling covariance between survival and re-
cruitment because these two parameters were estimated
from the same data. As expected, both survival and
recruitment were positively correlated with A. How-
ever, recruitment had a stronger correlation (r = 0.705,
P < 0.001) than survival (r = 0.412, P = 0.024).
Second, long-term variation in life history traits dif-
fered among the three traits examined. Both survival
and reproductive output appear to have longer periods
of relative stability punctuated by shorter periods ex-
hibiting severe declines in both survival and repro-
duction, which represent catastrophic events for each
of these parameters. Forecasts of survival estimates
revealed two yearsin which survival estimates dropped
below 0.70, with survival in one year as low as 0.62.
Reproductive output reached extremely low levels
(<0.4) in at least three years. Thus, the probability of
catastrophic events (C) can be crudely estimated as C
= 2/30 = 0.067 for survival probabilities and C = 3/
30 = 0.10for reproductive output. Catastrophic periods
did not occur simultaneously for both survival and re-
production, suggesting that events causing variation in
these parameters may not be linked. In contrast, re-
cruitment rate was highly and consistently variable,
reaching extremely low levels (<0.01) in six of the 30
yr (C = 0.20). Finally, an average A of 0.9118 (based
on Eq. 24 from the annual estimates from Eg. 21) for
the 30-yr climate trace was less than that estimated
during the study period. Annual estimates of A were
significantly lower than a stationary population in 11
of those years, based on 95% confidence intervals (Fig.
5).

Effects of landscape habitat configuration on spatial
variation in population processes

Survival probabilities—We analyzed 280 models
to evaluate the effects of habitat, age, and elevation
covariates and their interactions on apparent surviv-
al. The best approximating a priori hypothesized
model for survival was {da,Lsocor:Lsomp:LsoEDes
Peeev (Model 13 in Table 7), which was twice as
likely, based on Akaike weights, as the next ranked
model, { b . socor- (socory+ sopis+ (sopig?s Peerevt (Mod-
el 9 in Table 7). The cxELEV structure on the re-
capture probabilities (p) was arrived at early in the
modeling process where annual differences in cap-
ture technique interacted with mean elevation of ter-
ritories. This structure on the p’s was checked again
at the later stages of the modeling process, and re-
mained the best structure for all models.

The effects of SOCOR and SOEDG on ¢ appeared
to be most important in the pseudothreshold form (i.e.,

FITNESS IN SPOTTED OWL POPULATIONS

565

LSOCOR) because (1) they were more precise (coef-
ficients of variation = 0.37-0.50); (2) 95% confidence
intervals of their slope parameters never overlapped
zero in the other hypothesized models; and (3) one or
both of these covariates appeared in the top three
ranked hypothesized models (Table 7). However, slope
parameters for the two covariates overlapped zero to a
greater degree when they appeared in the squared dif-
ference form (i.e., DSOCOR), although the slope pa-
rameters for SOCOR as a quadratic (SOCOR + SO-
COR?) did not overlap zero (Table 7). The quadratic
form of SOCOR had a shape similar to a pseudothres-
hold model, suggesting that SOCOR + SOCOR? was
explaining the data as a pseudothreshold model simi-
larly to LSOCOR.

The covariates SOMP, SOCOR, and SOHAB were
all highly correlated (r = 0.82—0.96). The covariates
LSOCOR and LSOMP in the best a priori hypothe-
sized model also were highly correlated (r = 0.88).
Therefore, we examined another model that incorpo-
rated all of the effects included in the top two a priori

hypothesized models, { d4. socor-Lsomp+Lsoepe: PeeLev}
and This

model {(\baZ’+LSOCOR+LSOEDG+SDDIS+(SODIS)2! pc*ELEV} (Sta”ed
model in Table 7) was 2.4 times as likely, based on
Akaike weights, as the best a priori hypothesized
model. All of the covariates were more precise (co-
efficients of variation = 0.30—0.56) in this combined
model, and none of the 95% confidence intervals of
the slope parameters overlapped zero except for
LSOEDG, which overlapped only slightly (Table 7).
In addition, none of the covariates included in the
combined model was highly correlated pairwise (r
= —0.22to —0.48). Models including sex-, and age-
covariate, and between-covariate interactions were
not supported by the data as well as was model

{ (baZ’+SOCOR+(SDCOR)2+SODIS+(SODIS)21 PoeLev} -

{ baz+1 s0COR L SOEDG+SODIS (OIS PorkLev) (Table 8). How-
ever, the AAICc value between the model with an a2
vs. an a2’ age effect was very small, suggesting that
either structure may be appropriate. This was also the
case with the a priori hypothesized models in which
the AAICc; values between the same models, with one
including an a2 and the other an a2’ structure, ranged
from 0.01 to 5.61 with the a2’ structured model having
alower AlCc value in 17 of 19 models. For this rea-
son, we chose to retain the a2’ structure in model
{d’az+LSOCOR+LSOEDG+SOD|S+(SOD|S)2: Pe-eLev} - Further explo-
ration of this model with additional covariates did not
yield a better model. Although it resulted from some
data exploration, model { ba 1 s0COR- 1L SOEDG - SODIS+(SODIS?
Peeevt represented a minor ateration from two of the
hypothesized models and, thus, retained much of the a
priori thinking used to develop the models. Therefore,
this model was retained for making inferences con-
cerning the effects of landscape habitat features on sur-
vival. The form of the model was as follows:
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TaBLE 7. Rankings, based on AlCc, and estimated slope parameters for the a priori hypothesized models used to relate
landscape habitat features with apparent survival (¢) for Northern Spotted Owls in northwestern California

Estimated
Hypothesized model T AlCc K% d3AICc w; slope parameters (95% ci1)8§
* (| SOCOR+ L SOEDG - SODISH (SODISY? 1132.45 10 000 0427 B, = —0.503 (—0.986, —0.019)
B, = 0.213 (0.038, 0.388)
Bs = 0.547 (—0.051, 1.144)
B, = 0.085 (0.030, 0.141)
Bs = —0.001 (—0.002, —0.0004)
13) b oot L SOCOR L SOMP+LSOEDG 1134.19 9 1.74 0.179 B, = —0.811 (—1.500, —0.122)
B, = 0.493 (0.153, 0.833)
Bs = —0.779 (—1.520, —0.039)
B, = 0.790 (0.221, 1.359)
9) B+ SOCOR- (SOCOR?+ SODISH (SODIS? 1135.44 10 2.99 0.096 B, = —0.480 (—0.963, 0.003)
B, = 0.022 (0.003, 0.041)
Bs = —0.002 (—0.0004, —0.00002)
B, = 0.067 (0.013, 0.121)
Bs = —0.001 (—0.002, —0.0004)
12) b+ 50CoR+LSOEDG 113620 8 375 0065 B, = —0.527 (—1.005, —0.049)
B, = 0.163 (0.016, 0.310)
Bs = 0.652 (0.095, 1.209)
4) b s psoMPLDODIS 1136.63 8 4.18 0.053 B, = —0.500 (—0.981, —0.019)
B, = —0.010 (—0.024, 0.005)
B, = —0.305 (—0.596, —0.139)
1) duwsnsonas 1137.74 7 529 0030 B, = —0.526 (—1.002, —0.049)
B, = —0.019 (—0.034, —0.003)
6) b +DSOMPIDSOEDG 1137.86 8 5.41 0.029 B, = —0.506 (—0.985, —0.027)
B, = —0.006 (—0.023, 0.011)
B, = —0.015 (—0.031, 0.001)
8) b +DSOCORIDSONCA 1137.89 8 5.44 0.028 B, = —0.535 (—1.013, —0.058)
B, = —0.0001 (—0.0003, 0.0001)
B, = —0.048 (—0.089, —0.006)
5) baz+ soMp+(sOMP+ SONP- (SONPR-SoDISs(Sopis? 113794 12 5.49 0.027 B, = —0.454 (—0.939, 0.030)
B, = 0.208 (—0.028, 0.445)
B, = —0.013 (—0.029, 0.002)
B, = —0.224 (—0.587, 0.139)
Bs = 0.016 (—0.020, 0.052)
Be = 0.099 (0.037, 0.161)
B, = —0.001 (—0.002, —0.0007)
2) b spsomp 1139.02 7 6.57 0.016 B, = —0.523 (—0.999, —0.047)
B, = —0.014 (—0.028, —0.0005)
11) b socoreLsomp 1139.16 8 6.71 0.015 B, = —0.538 (—1.016, —0.061)
B, = 0.367 (0.043, 0.692)
B; = —0.517 (—1.223, 0.190)
7) basisocon 113991 7 6.74 0015 B, = — 0.525 (—1.001, —0.049)
B, = 0.155 (0.002, 0.308)
3) b spsOMPrDSOND 1140.79 8 8.34 0.007 B, = —0.521 (—0.997, —0.045)
B, = —0.014 (—0.028, —0.0004)
B, = —0.008 (—0.036, 0.021)
» 114094 6 8.49 0.006 B, = —0.534 (—1.008, —0.059)
10) op+1 SOCORALSONCASLSODIS 114098 9 8.53 0.006 B, = —0.535 (—1.011, —0.058)
B, = 0.193 (0.025, 0.361)
B, = 0.147 (—0.156, 0.450)
B, = 0.139 (—0.073, 0.350)
. 114341 5 10.96 0.002

Notes: Models {$,} and {¢$.} are included for comparison. All models have capture probabilities structured as { pe.g v} -
The starred model represents a combination of a priori hypothesized models 13 and 9. Covariates are described in Table 1.

T Numbers correspond to hypothesized models in Table 3.

+ Number of estimated parameters.

§ Slope parameters based on rescaled covariates (see Table 1).

b = 141 + exp[—(0.5489 — 0.5025(AGE)

+ 0.2129(L SOCOR)
+ 0.5465(L SOEDG)
+ 0.0853(SODIS)

— 0.0011(SODIS)?]}

(34)

where AGE (the a2’ structure) is a dummy variable (1
is 1-2-yr-olds, 0 is =3-yr-olds), LSOCOR is
10g(SOCOR + 0.5), and LSOEDG is log,(SOEDG +
0.5). Standard errors for the parameter estimates were
SE(B,) = 0.8676, sE(B,) = 0.2465, sE (B,) = 0.0895,
SE(Bs) = 0.3050, SE(B,) = 0.0283, and SE(B.) =
0.0003. This model suggested that apparent survival
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TaBLE 8. Ranking of best approximating model of apparent survival (¢) or reproductive output (R) for Northern Spotted
Owls in northwestern California relative to models where specific effects in the best approximating model were included,

excluded, or changed.

Change in effect Model AAICg; W,
Apparent survival (¢)
None (best approximating model) a2+ s0COR+LSOEDG+50DIS+ (019 PocELEV 0.00 0.19
Chahge of age effect to a2 on ¢ b2 1 50CORLSOEDG + SODISH(S0DISY PocELE 0.07 0.19
Addition of LSOMP effect on ¢ o'+ 1 SOCOR +LSOMP+ LSOEDG+S0DIS+(SODIS 0.51 0.15
PeeLev
Exclusion of LSOEDG effect on ¢ e+ 50COR+SODISH(SODIS PorELEV 1.02 0.12
Exclusion of age effect o L SOCOR+LSOEDG+SODIS+(S0DIS)? PerELEV 1.83 0.08
Exclusion of cxELEV interaction in p 22+ SOCOR + L SOEDG-+ SODIS+ (S0DIS?r Pe+ELEV 1.96 0.07
Addition of sex effect bs e+ LSOCOR+LSOEDG + SODIS+ (S0DIS)? PorELEV 2.03 0.07
Change of SODIS+SODIS? to DSODIS on ¢ 2+ LSOCOR + LSOEDG + DSoD1S Por LBy 4.06 0.03
Change of SODIS+SODIS? to LSODIS on ¢ b oo 41 SOCOR+LSOEDG+LsoDIS PerELEy 4.46 0.02
Change of SODIS+SODIS?to DIS on ¢ 22+ L SOCOR + L SOEDG+S0DIS PorELEV 5.74 0.01
Exclusion of c effect on p b1 socOR +LSOEDG+SODISH(S0DIS? PELEV 11.59 0.00
Exclusion of ELEV effect on p 11 s0COR+LSOEDG+ SODIS+(S0DIS) > Pe 106.3 0.00
Reproductive output (R)

None (best approximating model) Reo 4 Lsocor+LSOEDG+ SONP+ (SONP)? 0.00 0.34
Exclusion of quadratic form in SONP + 4L SOOOR+ LSOEDG-+SONP 1.25 0.18
Inclusion of ELEV effect '+ LSOCOR + L SOEDG + SONP- (SONPY2-+ ELEV 1.81 0.14
Exclusion of LSOCOR L SOEDG + SONP+ (SONP)? 2.02 0.12
Exclusion of SONP . +1 SOCOR+L SOEDG 2.39 0.10
Inclusion of 3 age-class effect L SOCOR + L SOEDG-+ SONP- (SONP)2 3.36 0.06
Change of age effect to a2 +LSOCOR + L SOEDG + SONP+ (SONP)?2 3.68 0.05
Exclusion of age effect (a2’) SOCOR + L SOEDG+ SONP+ (SONPY2 9.18 0.00
Exclusion of SOEDG effect L SOCOR + SONP+ (SONP)? 9.85 0.0
Exclusion of SOCOR and SOEDG effect 12.12 0.0

'+ SONP-+(SONP)2

Note: Covariates are described in Table 1.

increased in parallel for both age classes with increas-
ing amounts of spotted owl habitat, increasing edge
between spotted owl and other habitats, and increasing
mean nearest neighbor distance between patches of
spotted owl habitat at ~400 m, after which apparent
survival declined with increasing distance (Fig. 6).
Owls 1-2 yr old had lower survival than owls =3 yr
old, and this difference was constant across changesin
the habitat covariates (i.e., there was no interaction
between age class and habitat covariates). Changes in
apparent survival predicted from the model in Eq. 34
were most sensitive to changes in edge between spotted
ow!| habitat and other habitats (11.1% change in ),
followed by changes in spotted owl! core habitat (5.4%
change in ¢), mean nearest neighbor distance between
spotted owl habitat patches (3.8% change in ¢) and
age class of the territorial occupants (2.0% change in
b).

In estimating 03,4 for apparent survival, we encoun-
tered problems with some of the estimates of sampling
variances for ¢ (see Appendix B). Based on the estimates
of 02,4 and the weighted mean survival probability
across territories (Table 9), the coefficient of spatial pro-
cess variation was 0.085, suggesting that spatial process
variation in ¢ was relatively low. The habitat covariates
in model {1 socor+Lsoepe+sopis+(sopis? PeeLev aC
counted for 66.7% of G2, Whereas age accounted for
8.8% of 62,44. There was considerable uncertainty in the
estimates of spatial process variation in survival based
on the 95% confidence intervals, all of which included

zero for each of the variance components (Table 9). This
uncertainty was probably due to large sampling variation
in the territory-specific estimates of ¢ relative to 62,44
(Table 9). The cause of this large sampling variation was
probably due to some territory-specific estimates based
on only one or two individuals.

Reproductive output.—I n running the general linear
mixed models for reproductive output, we found a
covariance structure that used low, medium, and high
variance years to have the best approximating struc-
ture, based on minimum AICc computed from the
restricted maximum log likelihood. This structure
was used on all subsequent models examining the
fixed effects in the hypothesized models and their
variations.

We examined 122 models that included the 13 a priori
hypothesized models in addition to variations on those
models, which included effects due to age, elevation,
and interactions. From this suite of models, the best
approximating a priori model was {Ry . socor+soepat s
based on minimum AlCc (model 12 in Table 10). How-
ever, model {Ry ,sowpssoepat Was a close competitor
based on approximately equal Akaike weights. In these
two models, the estimated slope parameter for SOEDG
had greater precision (cv = 0.298-0.383), and was
different from zero, based on confidence intervals, than
slope parameter estimates for the habitat amount cov-
ariates, SOMP and SOCOR, which were much less pre-
cise (cv = 1.231-6.402), with confidenceintervalsthat
overlapped zero considerably (Table 10). The poor es-
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Fic. 6. Annual apparent survival (¢) of 1- and 2-yr-old and =3-yr-old Northern Spotted Owls in relation to the
amount of core habitat, edge between spotted owl and other habitats, and nearest neighbor distance (NND) between
patches of spotted owl habitat on territories in northwestern California. Estimates of apparent survival are based on

model { b 1 socor+ LsoeDG + sopis+ (sopisy?: PeeLevy -

TaBLE 9. Components of spatial variation for apparent survival (¢), reproductive output (R), and habitat fitness potential
(N\y) in Northern Spotted Owls in northwestern California.

Parametert Apparent survival () Reproductive output (R) Habitat fitness potential (X,
0 . 0.8822 0.6006 1.0750
SE(A) 0.0141 0.0412 0.0100
G240 0.0057 0.0302 0.0031
(0.0003, 0.0165) (0.0090, 0.1017) (0.0019, 0.0051)
it 0.0038 0.0226 ¥
(0.0029, 0.0052) (0.0058, 0.0882)
G2 0.0005 0.0008
(0.0004, 0.0007) (0.0002, 0.0040)
0 Zicual 0.0013 0.0068
(0.0001, 0.0269) (0, 0.0408)

Note: Ninety-five percent confidence intervals are in parentheses.

T The parameter 63, iS an estimate of spatial process variation, Ga. 1S the amount of 3., explained by variation in
selected habitat covariates, 63, is the amount of 63,4 explained by age of territory occupants, and 624, i the unexplained
amount of 624.

$ Not estimated.
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TaBLE 10. Rankings, based on AlCc, and estimated slope parameters for the a priori hypothesized models used to relate
landscape habitat features to reproductive output (R) in Northern Spotted Owls in northwestern California

Hypothesized model T AlCc Kt  AAICg w; Estimated slope parameters (95% ci1)§
*R 2+ L SOCOR+LSOEDG-+ SONP+(SONP)? 1317.31 9 0.00 0.532 B, = 0.344 (0.145, 0.544)
B, = —0.074 (—0.145, —0.003)
Bs; = 0.473 (0.220, 0.727)
B, = —0.151 (—0.280, —0.022)
Bs = 0.013 (—0.001, 0.026)
12) Ry . socor+soens 1319.88 8 258 0.147 B, = 0.349 (0.147, 0.550)
B, = —0.002 (—0.005, 0.002)
B; = 0.042 (0.011, 0.074)
6) Ry . somp:isoens 1320.28 8 297 0121 B, = 0.354 (0.153, 0.556)
B, = —0.006 (—0.029, 0.017)
B; = 0.047 (0.019, 0.075)
13) Ry, s0coR SOMP: SOEDG 1321.83 9 452 0.056 B, = 0.345 (0.142, 0.547)
B, = —0.003 (—0.010, 0.005)
B; = 0.023 (—0.037, 0.054)
B, = 0.040 (0.006, 0.074)
l) Ra2‘+SOHAB+(SOHAB)2+ELEV+ELEV*SOHAB+ELEV*(SOHAB)2 1322.98 11 5.67 0.031 B, = 0.333 (0.131, 0-532)
B, = —0.544 (—1.179, 0.091)
B; = 0.028 (—0.010, 0.065)
B, = —0.347 (—0.645, —0.049)
Bs = 0.082 (0.009, 0.155)
9) Ry . socor+sopis 1323.54 8 6.23 0.024 B, = 0.341 (0.139, 0.544)
B, = —0.005 (—0.008, —0.001)
B; = —0.010 (—0.022, 0.002)
3) R soMp+ (SOMP)2+ SONP+ (SONPY 1323.60 10 6.28 0.023 B, = 0.345 (0.144, 0.546)
B, = 0.083 (—0.013, 0.179)
B; = —0.008 (—0.014, —0.002)
B, = —0.188 (—0.330, —0.046)
Bs = 0.017 (0.002, 0.031)
7) Ry isocor 1324.14 7 6.83 0.017 B, = 0.335(0.132, 0.538)
B, = —0.427 (—0.007, —0.001)
11) Ry soconssomp 132473 8 7.41  0.013 B, = 0.325 (0.122, 0.528)
B, = —0.007 (—0.014, —0.001)
B; = 0.028 (—0.016, 0.071)
8) Ry socor+sonca 1324.93 8 7.62 0012 B, = 0.337 (0.134, 0.539)
B, = —0.002 (—0.007, 0.0001)
Bs; = 0.026 (—0.019, 0.070)
10) Ry . s0c0R+SONCA+SODIS 1325.04 9 7.72 0011 B, = 0.342(0.140, 0.544)
B, = —0.004 (—0.008, —0.001)
B; = 0.018 (—0.028, 0.063)
B, = —0.009 (—0.021, 0.003)
2) Ry . sompi(sompp 1326.29 8 8.98 0.006 B, = 0.343(0.140, 0.546)
B, = 0.0781 (—0.022, 0.179)
B; = — 0.006 (—0.013, 0.0002)
4) Ry . somprsopis 1327.43 8 10.11  0.003 B, = 0.355 (0.151, 0.558)
B, = —0.022 (—0.047, 0.003)
B; = —0.010 (—0.022, 0.003)
5) R 1 SoMP+SONP-+ SODIS+ SONP SODIS 1328.65 11 11.34 0.002 B, = 0.356 (0.154, 0.559)
B, = 0.008 (—0.059, 0.076)
B; = —0.037 (—0.067, —0.007)
B, = 0.004 (—0.022, 0.031)
Bs = —0.007 (—0.018, 0.004)
Ry i oeLev 1328.97 7 11.66 0.002 B, = 0.350 (0.146, 0.555)
B, = —0.004 (—0.014, 0.007)
R. 1336.18 5 18.87  0.000

Notes: Models { R, pe ev}, and { R} areincluded for comparison. The starred model was achieved after further exploration.

Covariates are described in Table 1.
T Numbers correspond to hypothesized models in Table 2.
+ Number of estimated parameters.

§ Slope parameters based on re-scaled covariates (see Table 1).

timation of SOMP and SOCOR effects suggested that
the top three a priori models may have been the best
from the suite of models examined, but did not model
the data very well. Therefore, we explored additional
models that included other combinations of the cov-
ariates, with the best approximating a priori model as

astarting point. We did not explore any additional mod-
els that included the covariates SOCOR, SOMP, and
SOHAB together, because of the high correlations
among these covariates.

We examined 55 additional models outside of the hy-
pothesized models. From this suite of models, the best
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Reproductive output (R) of 1- and 2-yr-old and =3-yr-old Northern Spotted Owls in relation to amount of core

spotted owl habitat, edge between spotted owl and other habitats, and number of patches of spotted owl habitat on territories
in northwestern California. Estimates of reproductive output are from model {R. .\ socor+soencsonp-(sonpy) -

approximating model based on minimum AlCc was
{ Rz +Lsocor+LsoenGsonp(sonm} » Which was also a much
better approximating model than any of the a priori hy-
pothesized models (starred model in Table 10). The Akai-
ke deht for model {RaZ'+LSOCOR+LSOEDG+SONP+(SONP)2} in-
dicated that it was 3.6 times more likely than the near-
est a priori hypothesized model. Close competitors
within one AlCc unit of this model, within the suite
of modelsinvolved in dataexploration, retained asim-
ilar structure but without the log effects and with some
age interactions (Table 8). The form of model

{ R Lsocor + LsoEDG + sonP+ (sonpy} WasS
R = —0.245 + 0.344(AGE) — 0.074(LSOCOR)
+ 0.473(LSOEDG) — 0.151(SONP)
+ 0.013(SONP)? (35)

where AGE was a dummy variable (0, either 1 or 2
yr old; 1, =3 yr old). The standard errors for the
parameter estimates were St (B,) = 0.377, SE(B,) =
0.102, SE(B,) = 0.036, SE(Bs) = 0.129, SE(B,) =
0.066, and sE (B.) = 0.0068. All of the slope param-
eters were relatively precise (cv = 0.27-0.54).

This model was similar to the best hypothesized

model { R, .socors+soepct, €Xcept that there was a
pseudothreshold effect on SOCOR and SOEDG,
and the model included SONP. We used model
{ Rez'+Lsocor - Lsoepa+ sonp+ sonpt With the understand-
ing that inferences were somewhat limited because this
model was developed by further exploration beyond
the a priori hypothesized models. However, this model
was based mostly on one of the a priori hypotheses
(model 12 in Table 3). This model indicated that re-
productive output was (1) negatively associated with
female age class, with 1- and 2-yr-old owls fledging
fewer young than owls =3 yr old (the dummy variable
was scored 1 for owls =3 yr old); (2) negatively as-
sociated with the amount of core spotted owl habitat
in a nonlinear fashion; (3) positively associated with
the amount of edge between spotted owl habitat and
other habitats in a nonlinear fashion; and (4) associated
with the number of patches of spotted owl habitat by
an inverse quadratic relationship in which reproductive
output was highest when the number of patches was
either few or many, and lowest when the number of
patches was intermediate (Fig. 7). Changes in repro-
ductive output predicted from Eg. 35 were most sen-
sitive to changes in edge between spotted owl habitat
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and other habitats (382.0% change in R), followed by
changes in spotted owl core habitat (30.4% change in
R), number of spotted owl habitat patches (23.9%
change in R), and age class of the territorial occupants
(22.4% change in R).

Using the weighted mean for reproductive output
(Table 9), the coefficient of spatial variation was
0.289, suggesting that reproductive output was rel-
atively variable among territories, much more so
than survival. The habitat covariates in model
{ R +Lsocor+Lsoepa+sonp+sonp?}  €Xplained 74.8% of
this spatial process variation, whereas the age effect
explained 2.7% (see Table 9).

Habitat fitness potential.—We estimated the habitat
fitness potential of each spotted owl territory using the
Leslie stage projection matrix in (22). Asinputsto (22)
for each territory, we estimated apparent survival (¢)
using Eqg. 34, and we estimated fecundity () from Eq.
35 using the relevant landscape covariates from each
of the territories. For example, we used the measures
of LSCOR, LSOEDG, and SODIS from territory A to
estimate age-specific ¢ for that territory using Eq. 34,
and we used the measures of LSCOR, LSOEDG, and
SONP from territory A to estimate age-specific R for
that territory using Eq. 35. Estimates of mwere derived
by dividing Rby 2. An estimate of \, was then obtained
for territory A using the age-specific estimates of ¢
and m as inputs to matrix 22.

Estimated values of territory-specific habitat fitness
potential () varied from 0.438 to 1.178 (Fig. 8a), with
a weighted mean (using Eq. 24 with territory-specific
estimates from matrix 22) of 1.075 (95% c1 = 1.061,
1.089). The median coefficient of sampling variation
among territories was 0.028, indicating that estimates
of A\, were quite precise. Based on estimates in Table
9, the coefficient of spatial process variation for &,, was
0.052, suggesting that spatial process variation in the
predicted habitat fitness potential among territorieswas
relatively low. However, territory-specific estimates of
A\ followed a smooth progression from territories with
relatively high fitness (with point estimates substan-
tially greater than one), to territories that had low fit-
ness (with values less than one; Fig. 9a). Based on the
95% confidence intervals of A, for each territory, three
territories (3.2%) had point estimates less than one,
with confidence intervals that did not overlap one; 26
territories (27.4%) had estimates either less than or
greater than one, with confidence intervals that over-
lapped one; and 66 territories (69.4%) had estimates
that were greater than one and confidence intervalsthat
did not overlap one. This indicated that females on at
least two-thirds of the territories more than replaced
themselves and were potentially contributing a surplus
to the population.

The components used to estimate \,,, age-specific
apparent survival and age-specific fecundity, appeared
to contribute differently to the spatial process variation
among territory-specific \,. First, A, was highly cor-
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Fic. 8. Distributions of (a) estimated habitat fitness po-
tential (A,), (b) predicted estimates of apparent survival used
to estimate \,;, and (c) predicted estimates of fecundity used
to estimate N, for 95 Northern Spotted Owl territories in
northwestern California.

related with apparent survival (r = 0.83), but less so
with fecundity (r = 0.57). Estimates of apparent sur-
vival used in estimating \, varied little when compared
with fecundity estimates (Table 9, Fig. 8b, ¢). Thiswas
also apparent when estimates of apparent survival and
fecundity for owls =3 yr old were compared along the
gradient of territories ranked by A,,; apparent survival
appeared to be relatively constant except for owls in
territories that had very low fitness (Fig. 9b), whereas
fecundity declined (Fig. 9¢). This suggested that small
changes in apparent survival were responsible for rel-
atively large changes in A,

The combination of effects of |andscape habitat char-
acteristics on apparent survival and fecundity (and,
hence, habitat fitness potential) can be illustrated by
examining territories with relatively high, medium, and
low habitat fitness potentials (Fig. 10). There are evi-
dent trade-offs in landscape habitat configurations
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Fic. 9. Northern Spotted Owl territories in northwestern California (a) sorted by descending habitat fitness potential
values with (b) corresponding estimates of apparent survival for owls =3 yr old, and (c) estimates of fecundity for owls =3
yr old. Each histogram bar is an individual territory. Error bars represent +2 se of the mean. One territory with i, =
0.44 was not included, for ease in comparisons.
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High Fitness

Au=1.18
(6 =0.94; i = 0.30)

Au=1.18
{$ =0.90; i = 0.38)

Ay=1.18
($ =0.92; /i = 0.33)

Medium Fitness

Ay = 1.01
($=0.84; i = 0.27)

['%

hy=1.00
(§ = 0.84; /i = 0.25)

Ay =0.99
(b =0.87; = 0.20)

Low Fitness

Ay =0.87
(6=0.74; m = 0.27)

s

FiG. 10.

Ay =0.79
(6=0.75; /2 = 0.08)

Landscape habitat characteristics (within 0.71 km radius circles used to define Northern Spotted Owl territories)

Ai=044
{6 =0.40; m = 0.27)

at three levels of habitat fitness potential in northwestern California. Dark areas are Northern Spotted Owl habitat; white
areas are other vegetation types. Estimates of ¢ (apparent survival) and m (fecundity) are for owls =3 yr old.

within spotted owl territories where survival is maxi-
mized by maintaining relatively large core areas of hab-
itat with some edge (see Eq. 34). In contrast, fecundity
was maximized by minimizing the core area of spotted
owl habitat, maximizing the amount of edge between
spotted owl and other habitats, and either minimizing
or maximizing the number of discrete patches of spot-
ted owl habitat (see Eqg. 35). In territories with high
A, it appears that both adult survival and fecundity
were high (Fig. 10). In territories with medium and low
A, Ay was a function of low survival and high fecun-
dity, high survival and low fecundity, or low survival
and low fecundity. Thus, the landscape configurations
in territories with medium and low values of A could
maximize either one or the other of the components

used to estimate XH, but not necessarily both. In ad-
dition, high X, in territories appears to be associated
with a mixture of spotted owl habitat vs. other vege-
tation types (e.g., some degree of heterogeneity). On
the other hand, too much homogeneity in either spotted
owl habitat or other vegetation types appears to result
in low A,.

Relative contributions of climatic and habitat
variation to population processes

The coefficient of total process variation for apparent
survival was 9.5%, based on the weighted mean for
either temporal (Table 6) or spatial (Table 9) variation.
Spatial process variation accounted for most of the total
process variation in apparent survival (Table 11). The
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TaBLE 11. Sources of process variation in apparent survival and reproductive output in North-
ern Spotted Owls in northwestern California, with 95% confidence intervals in parentheses.

Survival probability

Reproductive output

Type of variation Estimate Percentage Estimate Percentage
Total process
Gt 0.0070 100.0 0.0593 100.0
(0.0021, 0.0227) (0.0215, 0.1635)
G &mpora 0.0013 18.6 0.0291 49.1
(0, 0.0087) (0.0105, 0.1128)
GZia 0.0057 81.4 0.0302 50.9
(0.0003, 0.0165) (0.0090, 0.1017)
Modeled process
G200 0.0056 100.0 0.0525 100.0
(0.0041, 0.0077) (0.0141, 0.1959)
G Zimae 0.0013 232 0.0291 55.4
(0, 0.009) (0.0105, 0.1128)
O Zaitat 0.0038 67.9 0.0226 43.1
(0.0029, 0.0052) (0.0058, 0.0882)
Goge 0.0005 8.9 0.0008 15

(0.0001, 0.0269)

(0.0002, 0.0040)

T Total variation accounted for by temporal and spatial process variation only (residual vari-

ation not included).

variation in apparent survival that was accounted for
by the climate and habitat models (6Z..) €xplained
80.0% of the total process variation (624a/02 iN Table
11), suggesting that these influences were primarily
responsible for the observed process variation in this
study. This left little residual variation (20.0%) to
be explained by other factors not modeled here.
Based on model selection, both climate and habitat
influences appeared to be important in explaining
variation in apparent survival; the additive model
{ b2 +Per e+ LsoCOR+ LsoEDG+sODIS+ (S0DIS?} CONtaining both
climate and habitat effects was =52 times as likely
(based on Akaike weights) as either the habitat-only

model {1 socorLsoepc sois+ sopiszt OF the climate-
only model {¢p, 7.} (Table 12).

Spatial and temporal process variation accounted
for roughly equal amounts of the total process vari-
ation in reproductive output (Table 11). The coeffi-
cient of total process variation was 39.7—-40.5%, de-
pending on whether we used the weighted mean for
temporal (Table 6) or spatial (Table 9) variation. The
variation in reproductive output that was explained by
the climate and habitat models (62,44) accounted for
88.5% of the total observed process variation
(6200002 in Table 11). Again, littleresidual variation
(11.5%) was left to be explained by factors other than

TaBLE 12. Comparison of climate, habitat, and combined climate and habitat models for apparent survival and reproductive
output in Northern Spotted Owls in northwestern California. Models with problems in identifiability of parameters are not

included (see Appendix B).

Model AlCc K AAICc, W,
Apparent survival (¢)

bz (Pe+ T (LSOEDG+ SODIS) +LSOCOR + (SODIS? 1121.46 16 0.00 0.627
a2’ +Pg+Tg+LSOCOR+L SOEDG+SODIS+(SODIS)? 1124.23 12 2.77 0.157

a2’ +(Pg+Te)* (LSOEDG) +L SOCOR+SODI S+(SODI S)? 1125.42 14 3.96 0.087

a2’ +(Pg+Te)* (LSOCOR) +L SOEDG+SODI S+(SODIS)? 1125.48 14 4.02 0.084

a2’ +(Pg+Tg)* (LSOCOR+LSOEDG) +SODIS+(SODIS)? 1126.87 16 5.41 0.042

a2’ + SOCOR+L SOEDG+SODIS+(SODIS)? 1132.45 10 10.99 0.003
PetTe 1136.01 7 14.55 0.000

Reproductive output (R)

Ra2'+PE+L50C0R+LSOEDG+SONP+(SONP)2 1291.73 11 0.00 0.438
'+ PZxLSOCOR + L SOEDG+ SONP-+ (SONP)2 1293.65 12 1.92 0.168

'+ P x LSOEDG +L SOCOR + SONP-+ (SONP)? 1293.82 12 2.09 0.154

'+ PEx[SONP+(SONP)?] + LSOCOR+ L SOEDG 1294.88 13 3.15 0.090
PA(LSOCOR +LSOEDG) - SONP (SONFY 1295.75 13 4.02 0.059

'+ P+ [LSOCOR + SONP+ (SONP)?] + LSOEDG 1296.31 14 4.58 0.044

'+ P2+ [LSOEDG+SONP-+(SONP)2] + L SOCOR 1296.96 14 5.23 0.032

'+ PP+ [LSOCOR + L SOEDG + SONP+(SONP)?] 1298.42 15 6.69 0.015

2 1314.72 10 22.99 0.000
Ra2'+LSOCOR+LSOEDG+SONP+(SONP)2 1317.31 6 25.58 0.000
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TABLE 13. Estimates of slope parameters (3 ) for habitat and
climate covariates, with their coefficients of variation (cv)
and 95% confidence intervals, in the best approximating
models (including both climate and habitat covariates) of
apparent survival (¢) and reproductive output (R) for
Northern Spotted Owls in northwestern California.

Effect Bt cv 95% ci

Model { b (i To (LSOEDG+SODIS)+LSOCOR+(SODIS)2}

Pe 5.799 0.50 0.093, 911.151
Te 7.186 0.44 1.005, 13.367
LSOCOR 0.214 0.44 0.031, 0.397
LSOEDG 8.765 0.44 1.212, 16.317
Pe X LSOEDG —2.452 0.48 —4.736, —0.168
Te X LSOEDG —2.250 0.57 —4.748, 0.247
SODIS 0.053 0.35 0.017, 0.091
P X SODIS —0.060 0.69 —-0.142, 0.021
Te X SODIS —0.158 045 —-0.298, —0.018
SODIS? —0.091 049 -0.178, —0.003
Model { Raz'+Pf+Lsoc0R+LSOEDG+SONP+(50NP)2}

P2 —0.003 0.19 -0.004, —0.002
LSOCOR —0.075 0.48 —0.144, —0.005
LSOEDG 0.495 0.26 0.245, 0.744
LSONP —0.146 0.44  -0.273, —0.019
L SONP? 0.012 0.56 —0.001, 0.025

T Based on rescaled climate covariates: P¢/10 and T/100.
Habitat covariates are re-scaled as in Table 1.

climate or habitat. The importance of both temporal
and spatial process variation in explaining total pro-
cess variation was supported by model selection.
Model {R. . p?.1socor+LsoEn+sonp+(sonp?} » Which con-
tained the additive effects of the best climate and
habitat models, was >400 times as likely as either
model {Rs2}, with climate effects only, or model
{RaZ'+LSOCOR+LSOEDG+SONP+(SONP)Z}1 with habitat effects Only
(Table 12).

Effects of variation in climate on habitat quality.—
In survival estimation, we used a structure on recapture
probabilities (p) of p.e ey fOr al models that differed
from the structure of p.,. used in models relating sur-
vival to climatic covariates. We used the p..g gy Struc-
ture in this analysis because it was used in models
relating survival to habitat covariates, and it still in-
corporated some of the structure of p's used in the
climate models.

Four models supported interactions between climate
and habitat in apparent survival better than did model
{ bz +pesTe+LsOCOR+LSOEDG+SODIS+ (s0i1s} s Which included
only additive effects between climate and habitat (Table
12). However, there were a number of problems en-
countered in modeling interactions with these data, be-
cause the form of the sample data did not allow for
unique identifiability of parametersin models that con-
tained certain interactions (see Appendix B). Thus,
the best approximating model for apparent survival
WS { d oo+ (pe+ T (LSOEDG+ SODIS)+Lsocor-(sopisy) (Table 12),
which contained interactions between both climate co-
variates and habitat covariates LSOEDG and SODIS
(Table 13). Based on Akaike weights, this model was
four times as likely as the additive model containing both
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climate and habitat covariates but no interactions between
the two sets of covariates (Table 12). Inferences from
MOdE! { b2 (pes T+ (LsOEDG+S0DIS) + LsOCOR +(s0DIS? WErE VErY
limited because of the problems encountered in mod-
eling interactions and the removal of the quadratic ef-
fect from any interactions with climate covariates (see
Appendix B). The precision of slope parameters in
model  { b . e+ To(LsoEDG - SODIS) + Lsocor+ sopigzh  (Table
13) was similar to the best approximating models that
included only climate effects or only habitat effects.

Model {¢a2’+(PE+TE)*(LSOEDG+SODIS)+LSOCOR+(SODIS)2} indi-
cated that higher quality Northern Spotted Owl habitat,
as described by the habitat covariates, buffered the ad-
verse effects of climate (Fig. 11). In Fig. 11, we ar-
bitrarily defined ‘‘good’” habitat as habitat covariates
(SOCOR = 65 ha of interior forest, SOEDG = 9 km,
SODIS = 100 m) yielding & = 0.91; “medium” hab-
itat as habitat covariates (SOCOR = 25 ha, SOEDG =
9 km, and SODIS = 50 m) yielding ¢ = 0.86; and
“‘poor’’ habitat as habitat covariates (SOCOR = 5 ha,
SOEDG = 6 km, and SODIS = 50 m) yielding ¢ =
0.78 when climate effects are ignored. The effects of
interactions between climate and habitat covariates
were examined in this more qualitative manner
along a hypothetical climate gradient, because of the
poor support for the best approximating model,
{ ¢32'+(PE+TE)*(LSOEDG+SODIS)+LSOCOR+(SODIS)2} - Theclimate gre
dient used in Fig. 11 was based on datawithin the range
of conditions observed during the study.

Of thethree different habitat qualities, apparent sur-
vival declined 7.1% in good habitat as the climate
gradient progressed from an optimal warm, dry spring
to acold, wet spring. Along the same climate gradient,

1.0+
094 ___ Good Habitat
] Te——
.2 ~——
g 0.8 .. \\\\\\Mgdium .
g OB -
C S -
9 e
s 0.7 4_%__”””’“!:00" rabe
0.6 '
0.5 : I I I l I I I

P.=7 8 9 10 11 12 13 14 15
Te=270 260 250 240 230 220 210 200 190
Warm, Dry Cold, Wet
Climate Gradient

FiG. 11. Effects of climate on apparent survival of North-
ern Spotted Owls in three qualities of habitat in northwestern
California. Predicted effects on apparent survival are based
on mModel ¢ (g T+ (LsOEDG + SODIS)+ Lsocor+ (sopig+ 1 e climate
gradient is a function of both Pz and Te. Habitat quality is
defined in Results: Effects of variation in climate on habitat
quality.
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apparent survival decreased 17.5% and 26.3% in me-
dium and poor habitats, respectively (Fig. 11). These
results indicate that individuals in good habitat had a
much slower declinein survival asclimatic conditions
deteriorated than did individuals in poorer habitats.
Thus, high habitat quality, as defined in this study,
buffered the survival of territory occupants from the
negative effects of climate. Aspects of habitat quality
that buffered apparent survival were the habitat covar-
iates LSOEDG (log, transform of SOEDG) and SO-
DIS, both of which describe patch configurations of
mature and old-growth forest. In addition, predicted
estimates of survival had 63,,,,a = 0.0005 for ** good”
habitat, 6Z.,na = 0.0029 for **medium’ habitat, and
GZmpora = 0.0053 for **poor’” habitat. Thus, survival in
““poor”’ habitat varied more than 10 times as much as
survival in ‘“‘good’’ habitat under the same conditions.

The best approximating model for reproductive out-
put, { Ry .p? L socor+Lsoens-sonp- (sonpy?} » Was an additive
model that included both climate and habitat covariates
(Table 12). Based on the best approximating model,
interactions between the climate and habitat covariates
were not supported by the data. Based on Akaike
weights, model {Ry .2+ socor+Lsoenc+sonp«(sonppt Was
more than twice as likely as the next ranked model,
which included interactions between the climate cov-
ariates and the habitat covariate LSOCOR (the log,
transform of SOCOR) (Table 12). The selection of
model { Ry .p?-1 socor+LsoEps+sonp+sonp?t SUggested that
reproductive output of individuals was similarly af-
fected by climate changes, regardless of the quality of
the habitats they occupied. In other words, if habitat
were classified similar to Fig. 11, then slopes of the
three lines would be parallel for reproductive output
and would differ by the slope parameter for P? (Table
13).

DiscussionN

Magnitude of temporal process variation
in life history traits

Based on coefficients of temporal process variation,
survival of adult Northern Spotted Owls varied the
least, whereas recruitment varied the most, >15 times
more than adult survival. In a variable environment,
Northern Spotted Owls appear to follow a pattern in
life history traits in which (1) adult survival is high
with low temporal variation, (2) recruitment islow with
high temporal variation, and (3) survival of territory
holders and recruitment into the territorial population
appear to be negatively correlated. Variation in repro-
ductive output was intermediate between survival and
recruitment, and was characterized more by infrequent
catastrophes than by regular rises and falls in rates,
such as in recruitment. Such a pattern suggested that
spotted owls may employ alife history strategy similar
to ““bet hedging,” by which selection favors adult sur-
vival at the expense of present fecundity when the re-
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cruitment of offspring is unpredictable from year to
year (Stearns 1976). This strategy does not necessarily
impose a cost of reproduction when negative correla-
tions exist between survival and recruitment, based on
simulations by Benton and Grant (1996). However, the
negative correlation in our study includes both process
and sampling variation because of the sampling co-
variances between survival and recruitment estimates.

At least six scenarios underlie the bet-hedging tactic
(Boyce 1988), and application of the observed pattern
in Northern Spotted Owls to any one of these scenarios
(or other patterns in life history traits) is premature
without additional work. In a broad sense, the life his-
tory pattern exhibited by this owl does follow the trend
of increased iteroparity in response to environmental
stochasticity (Orzack and Tuljapurkar 1989), in which
along reproductive life-span allows for some eventual
recruitment of offspring even if that recruitment does
not occur each year.

Role of climatic variation in temporal process
variation of life history traits

After accounting for sampling and demographic var-
iation, climate explained almost all of the temporal
process variation observed in the life history traits es-
timated for Northern Spotted Owls. This suggested that
temporal variation in these populations may be driven
primarily by annual variation in climate. The lack of
sex and age effects within years was consistent with
previous analyses of these data (Franklin et al. 1996b).
The climate models devel oped here have the advantage
of being empirically based, with good statistical rigor.
However, the complexity of these models depended on
the amount of available data and the observed climatic
variation during the study. We expect that future par-
simonious models will support additional climatic cov-
ariates with additional years of study. Therefore, the
climate models that we developed to describe environ-
mental variation here should be considered first ap-
proximations.

The climate models that we described do not dem-
onstrate cause and effect. Unfortunately, neither the
climate models nor the effects that they describe can
be adequately tested with experiments because of the
uncontrollable nature of climatic variation. Model val-
idation is possible only through additional observations
within the Klamath province of the Pacific Northwest,
or by using a similar approach in other study areas.
Thisalso makesit difficult to test forecasts of the model
back in time; no adequate estimates of reproductive
output exist for northern California prior to 1983, and
survival probabilities and recruitment rates were not
estimated prior to this study. With additional years of
data, we predict that the form of the climate models
may change, as well as the importance of some of the
covariates.

Based on the climate models selected, the period
when life history traits for Northern Spotted Owls are
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generally affected by climate is during the spring rather
than the winter. In terms of energetic costs, owls have
their highest daily energy expenditures during the
breeding season rather than the winter (Wijnandts
1984, Meczewa 1986). A plausible mechanism during
this energetically stressful period is that precipitation
may decrease hunting efficiency, prey activity, and prey
populations, as we proposed during the formulation of
the models that were ultimately selected as explana-
tions of climatic variation. Extreme climate conditions
during the early nesting period may exacerbate an en-
ergetic stress on an individual by decreasing its time
to starvation. At abody mass of 550—650 g (Blakesley
et al. 1990), Northern Spotted Owls would reach star-
vation levels, about 25% of their body mass (Handrich
et al. 1993), within about 8 d at maintenance metabolic
rates (based on an allometric equation in Kirkwood
1981). Thisrateis similar to those observed for captive
Barn Owls, Tyto alba (Handrich et al. 1993). As en-
ergetic stress due to reproductive effort is added to
maintenance metabolic rates, time to starvation will
decrease and, hence, will increase the potential for low-
ered survival probabilities. In several other species of
raptors, extremes in precipitation affect reproductive
output, after young have hatched, by preventing effi-
cient foraging by adults, reducing prey supplies, and
causing direct mortality of young through chilling
(Schipper 1979, Davis and Newton 1981, Village 1986,
Mearns and Newton 1988, Kostrzewa and Kostrzewa
1990). These are the same mechanisms that were pro-
posed for our hypothesized climate model, which was
selected as the most appropriate model. However, we
have the least confidence in the ability of the selected
climate model to explain variation in reproductive out-
put, because of the lack of additional extreme values
and the absence of positive extreme values (e.g., very
high reproductive output). Although the sel ected model
may adequately explain negative effects of climate, this
model does not encompass unknown climate effects
that positively affect reproductive output.

The winter period was only important for explaining
variation in recruitment. The negative effects of winter
precipitation may haveresulted through impacts on sur-
vival of young experiencing their first year of inde-
pendence. The positive relationship of recruitment with
spring precipitation supported the prediction that fac-
tors negatively affecting survival of territory holders
would positively affect recruitment if floaterswere pre-
sent in sufficient numbers in the population; floaters
would fill immediate vacancies resulting from the
deaths of territory holders.

Long-term consequences of climatic variation on
population growth and stability

The pattern of variation in rates of population change
under the 30-yr climate trace suggested that Northern
Spotted Owl populations may experience periods of
decline caused solely by climatic variation. However,
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the inferences that we made here are relevant only if
conditions other than climate remain the same as when
the models were developed. Inferences here do not in-
clude what will occur, regardless of changes in other
conditions that may affect Northern Spotted Owl pop-
ulations. Thus, even if habitat conditions remain un-
changed, Northern Spotted Owl populations may ex-
perience declines. Whether or not these long periods
of decline would lead to extinction is unknown.

Despite the highly variable nature of recruitment,
estimates of rates of population change have very low
coefficients of temporal process variation. Recruitment
may be the dynamic that controls Northern Spotted Owl
populations, because of itshighly variable nature. Noon
and Biles (1990) and Lande (1991) found \ estimated
for Northern Spotted Owls with deterministic, empir-
ically based matrix models to be highly sensitive to
small changes in adult survival. However, this type of
model sensitivity does not necessarily imply that sur-
vival contributes much to variation in rates of popu-
lation change (Boyce 1994) and, hence, to population
dynamics. We argue that rates of population change in
Northern Spotted Owls are at least as sensitive to re-
cruitment as to survival, in the presence of temporal
variation. Survival of =1-yr-olds exhibits little tem-
poral process variation and, thus, sets the relative mag-
nitude for rates of population change (e.g., A can never
be less than the =1-yr-old survival rate in Eg. 21). In
this study, variation at or above the baseline value of
\ set by =1-yr-old survival is determined by recruit-
ment rates. Therefore, variation in recruitment deter-
mines the variation in \ above its relative magnitude
set by =1-yr-old survival. For thisreason, rates of pop-
ulation change were more correlated with recruitment
in forecasts with the 30-yr climate trace than with =1-
yr-old survival. If certain long-term climate trends can
cause negative rates of population change, as suggested
in this study, then climatic variation has the potential
to negatively affect Northern Spotted Owl populations,
even if no further habitat loss occurs. Thus, we con-
clude that temporal variation, as influenced by climate,
is an additional factor to strongly consider in devel-
oping conservation strategies.

Most conservation plans for the Northern Spotted
Owl assume that their overall population will decline
from habitat loss and then stabilize as habitat amount
eventually stabilizes (Gutiérrez et al. 1996). However,
as populations decrease in size, the effects of catastro-
phes on life history traits will gain increasing impor-
tance in determining rates of population change. Cat-
astrophic events can be characterized as density-in-
dependent, physical catastrophes (Boyce 1984) that
may reduce the number of territorial holdersin an un-
predictable manner. The extent to which these cata-
strophic events in parameters affect the population as
a whole is dependent on population size, spatial dis-
tribution, and regulatory mechanisms (Mangel and Tier
1993). In addition, climatic conditions that will cata-
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strophically affect all parameters simultaneously over
several years will occur with some unknown proba-
bility at some unpredictable time. Such a ‘** megacatas-
trophe”” will have a much stronger impact on areduced
population (Lande 1993).

Effects of landscape habitat characteristics on life
history traits

There are many levels of uncertainty in the estimates
of survival, reproductive output, and, hence, habitat
fitness potential. First, there is model uncertainty,
which was expressed in terms of the Akaike weights.
Whenever a model is developed from empirical data,
there is uncertainty as to whether the model selected
is indeed the best model. Second, there was some data
dredging used to select a best approximating model for
both survival and reproductive output. However, data
dredging here was limited, and was closer to the apriori
approach rather than an approach based on unlimited
data exploration. Third, there is the issue of scale.
These results are scale dependent in both habitat and
landscape extent. In terms of habitat within aterritory
scale, scale is relevant only to discrete habitat patches
and not to within-patch variation. In addition, land-
scape extent in this study is limited to the territory
scale and not to larger or smaller scales. Therefore,
differences (or lack thereof) can only be attributed to
the territory scale. Other scales such as a home range
scale or cluster of territories may produce different
results and should be appropriately analyzed. Fourth,
thereis uncertainty in the classifications of habitats and
their distribution (see also Mowrer et al. 1996). Al-
though we were able to classify Northern Spotted Owl
habitat with a high level of certainty, we were unable
to classify other habitats well. In addition, we were
unable to determine whether estimated habitat patch
configurations accurately matched those existing on the
ground.

Although these levels of uncertainty do not negate
the results of this study, our results should be consid-
ered more as working hypotheses from an observa-
tional study that require further experimental verifi-
cation. Clearly, part of the value of this work is in
reducing the number of potential landscape configu-
rations that might affect Northern Spotted Owlsin this
area to a small subset, which then can form the basis
of field experiments.

The habitat covariates in the best approximating
models for apparent survival and reproductive output
explained alarge proportion of spatial processvariation
in these two life history traits. The best approximating
models explaining variation in both apparent survival
and reproductive output contained two covariates in
common: the amount of core spotted owl habitat and
the amount of edge between spotted owl and other hab-
itats. However, the relationship between these two life
history traits was reversed with respect to the amount
of core spotted ow! habitat; apparent survival was pos-
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itively associated with the amount of core habitat,
whereas reproductive output was negatively associated
with core habitat. However, both life history traitswere
positively associated with the amount of edge between
spotted owl and other habitats. In addition, the models
relating habitat to both survival and reproductive out-
put were strongly sensitive to the amount of edge.

Apparent survival among territories appeared to vary
little in terms of spatial process variation. There may
be several reasons for this low variation in survival
among territories. First, high sampling variation of
among-territory estimates increased the uncertainty in
estimating process variation, even though some ex-
tremes (survival below 0.80) were noted on certain
territories. Second, Northern Spotted Owls may only
select a territory to defend that will promote high sur-
vival (T. Shenk, personal communication). Hunter et
al. (1995) found that, at the territory scale of this study,
areas used for nesting and roosting by Northern Spotted
Owls in our study area contained larger amounts of
mature and old-growth forests than did random areas.
Thus, an owl has the following options: it defends an
area that contains sufficient mature and old-growth for-
est to maintain high survival, it does not bother de-
fending a territory, it disperses, or it dies. Once the
owl selects a territory to defend, variation in its ex-
pected survival rate should be low if the habitat is of
sufficient quality. We call this the **all-or-nothing de-
fense”” hypothesis. Our surveysincluded only owls ex-
hibiting territorial behavior; hence, we estimated sur-
vival only for territorial individuals. Owls that did not
acquire territories were not included in the sample be-
cause they were rarely found.

The spatial process variation in reproductive output
among spotted owl territories was large compared with
variation in survival. Reproductive output was depen-
dent on a high degree of spotted owl habitat edge, a
low amount of core area, and either few or many patch-
es of spotted owl habitat. Although a high degree of
spotted owl habitat edge implies large amounts of spot-
ted owl habitat within a finite territory size, the reg-
uisite amount of edge can be also be achieved with
minimal amounts of interior spotted owl habitat and
numerous small patches or a highly convoluted single
patch that minimizes the amount of interior habitat.
However, low amounts of spotted owl habitat within a
territory will not supply the high degree of edge pre-
dicted to support high reproductive output.

Gutiérrez (1985) outlined four hypotheses as alter-
native explanations for why Northern Spotted Owls
require mature and old-growth forests, three of which
arerelevant tothe**all-or-nothing’” defense hypothesis:
predation, thermoregulation, and sufficiency of prey.
The predation hypothesis suggests that mature and old-
growth forests provide sufficient cover for spotted owls
to avoid predation from other avian predators such as
Great Horned Owls, which are a primary predator of
Northern Spotted Owls (Johnson 1992). Carey et al.
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(1992) found densities of Great Horned Owls encoun-
tered near Northern Spotted Owls to be highest in the
mixed-conifer forests of the Klamath Mountains prov-
ince in southern Oregon. Great Horned Owls hunt pri-
marily using vision (Johnsgard 1988) and probably lack
the auditory morphology used by spotted owls to hunt
effectively by sound alone in a vertically structured
habitat such as mature and old-growth forests (see Vol-
man and Konishi 1990). Therefore, Northern Spotted
Owls may use areas of mature and old-growth forests
that are not useable by Great Horned Owls, thus min-
imizing their risk of predation.

Under the thermoregulation hypothesis, mature and
old-growth forests provide a more stable microclimate,
and the complex vertical structure of these forests pro-
vides protection from inclement weather (Forsman et
al. 1984, Ting 1998).

Under the prey hypothesis, mature and old-growth
forests provide an abundant and accessible source of
prey not available in other habitats. However, the pri-
mary prey species of Northern Spotted Owls in this
study area is the dusky-footed woodrat (Neotoma fus-
cipes), which is most abundant in brush areas that are
inaccessible to the owl, and has low abundance in ma-
ture and old-growth forests (Sakai and Noon 1993).
Another important prey item, the northern flying squir-
rel (Glaucomys sabrinus), achieves high densities in
both mid- and late-seral stage forests in northeastern
California (Waters and Zabel 1995) and southern
Oregon (Carey et al. 1992, Rosenberg and Anthony
1992). Northern flying squirrels have about one-half-
of the biomass of woodrats (Ward et al. 1998), and
owls eating a high proportion of woodrats have smaller
home ranges than those eating flying squirrels (Zabel
et a. 1995). In addition, spotted owls in the Klamath
Mountains province hunt along edges of mature and
old-growth forests (Zabel et al. 1995). Ward et al.
(1998) suggested that some degree of fragmentation
within their territories may provide an energetic benefit
to the owls; Northern Spotted Owls in California first
sel ected dusky-footed woodrats over other species, and
then selected foraging areas near ecotones between
late- and early-seral forests where woodrats were both
abundant and accessible. Our results corroborate this.
Woodrats are probably more accessible at ecotones be-
cause of their lateral nocturnal movements from early-
seral stages and other vegetation types with dense un-
derstories to late-seral stages with more open under-
stories (Sakai and Noon 1997). By remaining within
late-seral stage forests at these ecotones, spotted owls
may avoid predation by Great Horned Owlswhile gain-
ing access to prey in the ecotones (Zabel et al. 1995).
Thus, sufficient core area interspersed with other veg-
etation types may provide protection from predators
while offering a source of large, accessible prey. In
addition, White (1996) found that owls on our study
area that successfully fledged young ate significantly
more large prey (mostly woodrats) than did unsuc-
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cessful owls. Thus, there appears to be a direct link
from landscape habitat configuration, to the ability of
owlsto successfully capture large prey, to reproductive
output. Here, we were able to establish alink between
|andscape habitat configuration onindividual territories
and survival and reproductive output of owls. Thislink
seems plausible, based on interactions among owls,
woodrats, and the juxtaposition of habitats supporting
both.

At some level, all three of the hypotheses outlined
by Gutiérrez (1985) probably account for the use of
mature and old-growth forests by spotted owls, and also
support the **all-or-nothing defense’” hypothesis. For
example, the presence of sufficient core habitat may
allow Northern Spotted Owlsto actively defend an area
while avoiding predation, whereas sufficient edge may
provide foraging opportunities where prey are both
abundant and accessible. The age effect seen in both
survival and reproductive output may be due to dif-
ferences in the ability of the two age classes to survive
(such as experience or hunting ability), and physiolog-
ical differences in terms of reproduction, rather than
differences in habitat. Interactions between age of the
owls and habitat were not supported by the best ap-
proximating model; apparently, younger birds were not
necessarily relegated to poorer habitat that lowered
their potential for survival.

Effects of landscape habitat on fitness

Estimates of habitat fitness potential are female-
based and a territory must necessarily be occupied by
apair in order for habitat fitness potential to berealized.
Territory occupancy is best estimated where detect-
ability of birds can be modeled, such asin a capture—
recapture framework. We were unable to estimate oc-
cupancy because detectability, territory abandonment,
and territory reoccupation were all confounded. Al-
though ad hoc estimators could be used, we chose not
to do this because such estimators ignore detectability.

There appears to be a dichotomy between the effects
of landscape habitat characteristics on survival and on
reproductive output. Survival seems positively asso-
ciated with some level of interior mature and old-
growth coniferous forest and the edge between those
forests and other vegetation types, whereas reproduc-
tive output is enhanced by convoluted edge with little
interior habitat. Thus, there is evidently a trade-off in
potential need for interior habitat and potential need
for ecotones within a territory. This trade-off was ex-
pressed in estimates of habitat fitness potential in
Northern Spotted Owls, where high fitness balanced
having both core owl habitat for maintaining high sur-
vival and having some mosaic of older forest and other
vegetation types for maximizing reproduction and
maintaining high survival. This mosaic was expressed
as small patches of other vegetation types with con-
voluted edges, dispersed within and around a main
patch of mature and old-growth forest (Fig. 10). Ex-
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amining the effects of just one of the components of
habitat fitness potential as a surrogate for fitness would
be misleading. A landscape pattern within a territory
that promotes either high survival or high fecundity
alone does not necessarily promote high fithess (Fig.
10). McGraw and Caswell (1996) found a similar prob-
lem in relating lifetime reproductive output with in-
dividual fitness of the European Sparrowhawk (Accip-
iter nisus); lifetime reproductive output was a poor
surrogate for fitness.

Based on differences in estimates of spatial process
variation, habitat-related variation in fecundity is prob-
ably most responsible for variation in fitness. Repro-
ductive output had much higher spatial variation than
did survival. However, this qualitative assessment is
tempered by the fact that Leslie matrix models, such
as those used here to estimate fitness, tend to be most
sensitive to changes in adult survival (Noon and Biles
1990). Low spatial variation in survival can still have
large effects on estimates of fitness because the matrix
model used to estimate habitat fitness potential tends
to be sensitive to small changesin adult survival (Noon
and Biles 1990). The high positive correlation between
point estimates of survival and habitat fitness potential
suggests that changes in habitat fitness potential were
tracking smaller changes in survival.

Thus, we propose that, once a territory with suitable
habitat characteristics is selected for defense, individ-
uals enjoy high survival. The quality of that territory
then determines the reproductive output of individuals.
Habitat fitness potential is then determined more by
within-territory landscape configurations that control
reproductive output than by survival rates, as long as
the landscape configuration controlling survival re-
mains intact.

Forest fragmentation and fitness

In conservation biology, forest fragmentation gen-
erally has a negative connotation, especially with re-
spect to potentially interior forest species such as the
Northern Spotted Owl (Wiens 1994). In the early years
of wildlife management, edge (and hence fragmenta-
tion) was often promoted as generally beneficial for
wildlife (Yoakum and Dasmann 1971). Fragmentation
can be beneficial for populations of some species and
deleterious for others. Andrén (1992) found that den-
sities of five sympatric species of corvidsdiffered along
a gradient of landscape fragmentation; differing de-
grees of fragmentation were beneficial to some species
but not to others. Other organisms appear to react little
to fragmentation at different scales (Beyer et al. 1996,
Johannesen and Ims 1996).

The mosaics of older forest and other vegetation
types that we observed on spotted owl territories re-
sulted from human-caused (e.g., logging) and natural
disturbances (e.g., fire), as well as edaphic and topo-
graphic factors. Heterogeneity of vegetation types
within spotted owl territoriesin the Klamath Mountains
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province has been determined by both past and present
landscape disturbances. Past disturbances were gov-
erned primarily by wildfires, and present disturbances
by logging. Thus, our measures of fragmentation do
not strictly conform to the definition of Wiens (1989b)
for habitat fragmentation, because the mosaics that we
observed were not entirely due to conversion of con-
tinuous habitat into smaller patches through some dis-
turbance process. Although edge between mature and
old-growth forest and other vegetation types appeared
to be a key habitat component, we emphasize that this
component is still poorly understood because of our
inability to discriminate among other vegetation types.
For example, edge, as we measured it, could represent
ecotones with a clearcut from logging, or an oak forest
resulting from edaphic conditions.

Two key questions are (1) to what degree are the
mosaics observed in Northern Spotted Owl territories
having a high habitat fitness potential due to fine-scale
fragmentation of mature and old-growth forest from
disturbance; and (2) can logging practices mimic this
fine-scale fragmentation? Current logging practices
probably do not generate the type of mosaic that we
observed in high-fitness territories; clear-cut logging
leaveslarge, regularly shaped patcheswith clean edges.
Fire disturbance, on the other hand, tends to leave
smaller, irregularly shaped patches having convoluted
edges (see Agee 1991). In addition, fire disturbance
leaves a variety of seral stages based on the frequency
of low, moderate, and severe burns over time. However,
it is poorly understood how fire shaped past landscape
mosaics. The appearance of landscape mosaics prior to
fire suppression and logging would greatly increase our
ability to develop silvicultural practices that might be
neutral or possibly beneficial to Northern Spotted Owls
in the Klamath Mountains province. In addition, our
definition of edge needsto be further examined interms
of which seral stages adjacent to mature and old-growth
forest most strongly affect spotted owl reproduction.

Are Northern Spotted Owls ideal-free or
ideal-despotic?

The presence of spatial process variation among hab-
itat fitness potentials estimated for individual territories
suggested that Northern Spotted Owls follow an ideal-
despotic distribution. Although the coefficient of spa-
tial process variation for habitat fitness potential was
small (5%), spatial process variation in habitat fitness
potential differed from zero and there was a clear gra-
dient in habitat fitness potential. However, extremes
were not great in terms of relative magnitude. Unfor-
tunately, no other studies have directly estimated hab-
itat fitness potential for a species with a life history
similar to that of the Northern Spotted Owl. The closest
was McGraw and Caswell (1996), who estimated in-
dividual fitness for European Sparrowhawks, which
ranged from 0.75 to 3.00. However, these estimates of
fitness were on an individual basis rather than a habitat
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basis, and comparisons with our estimates are difficult.
If reproductive output is considered the primary driving
force in defining habitat fitness potential, then the larg-
er spatial process variation in reproductive output could
be considered sufficient evidence that Northern Spotted
Owls follow an ideal-despotic distribution. The pos-
sibility also exists that habitat fitness potential has been
reduced on spotted owl territories because of past
changes in the landscape caused by logging. To assess
this possibility requires examination of the patch char-
acteristicson territories with different estimated habitat
fitness potentials, e.g., assessing the source and timing
of disturbance that created other habitats within the
mature and old-growth forest matrix.

An ideal-despotic distribution suggests that there is
a source-sink relationship among Northern Spotted
Owl territories. Territories with habitat fitness poten-
tials >1 act as sources of recruits, whereas territories
with habitat fitness potentials <1 act as sinks, in that
birth rates by individuals in those territories do not
compensate for mortality (Pulliam 1988). However,
source-sink models are usually based on discrete hab-
itats. Northern Spotted Owls, and probably a number
of other species as well, seem to follow a continuous
gradient of habitat quality in which territories may be
considered sources at one end of the gradient and sinks
at the other end with a number of territoriesin between
that can be relative sources or sinks, or simply balance
birth and death rateswith \,; = 1. Regardless, territories
at one end of the spectrum are those that contribute
surplus recruits to the population, whereas those at the
other end may act as sinks if occupied on a regular
basis.

An important but unresolved question is: how does
habitat fitness potential, A, relate to the overall pop-
ulation rate of change (\)? If a 1:1 correspondence is
assumed, the weighted average of habitat fitness po-
tential that we estimated would be a measure of the
overall population rate of change in the absence of
temporal variation. In this study, the estimate of \
would be 1.075, the weighted mean of A, which in-
dicates a growing population. On the other hand, the
rate of population change estimated using more con-
ventional means was A = 1.009, which indicates that
this same population was stationary over the sametime
period. The reason for the discrepancy between the two
estimatesis dueto occupancy. For A, and A to be rough-
ly equivalent, all territories need to be occupied. There-
fore, to understand the relationship between A, and A,
some measure of occupancy on territories needs to be
included in some function that also includes \,. Such
a function might be simply A = (\,)(p,), Where p, is
some measure of occupancy. However, as discussed
previously, we were unable to estimate occupancy ap-
propriately.

Although theoretical models have been developed
integrating ideal-free and ideal-despotic distributions
with source-sink dynamics (Pulliam and Danielson
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1991), they include only discrete habitats and use only
reproductive success as a measure of habitat quality.
Thus, these models need to be extended to include con-
tinuous gradients of habitat quality and estimates of
survival.

Sources of variation in Northern Spotted Owl
populations

Based on estimated total process variation, apparent
survival varied the least, whereas reproductive output
varied the most during this study. Two factors, climate
and habitat, appeared to have the greatest effect on
these two life history traits. However, the effects of
these two factors were not similar on apparent survival
and reproductive output. Apparent survival exhibited
more spatial variation than temporal variation, whereas
temporal and spatial variation contributed about equal -
ly to total observed variation in reproductive output.
Based on our results, spatial and temporal variation
appeared to operate independently on reproductive out-
put because of the lack of interaction between climate
and habitat covariates. Habitat quality did not appear
to buffer the effects of climatic variation on reproduc-
tive output of individuals. In other words, temporal
variation in reproductive output would be similar if
habitat quality were uniformly ““good’” or uniformly
‘‘bad”” among territories. However, temporal and spa-
tial variation did not appear to be independent in their
effects on survival, based on the interactions between
the climate covariates and the habitat covariates, edge
between mature and old-growth forest, and distance
between patches of these forests. As habitat quality
decreased, the effects of climatic variation on survival
increased.

One source of variation that we did not consider was
individual variation, which is a function of phenotypic
or genotypic differences among individuals (White
2000). Although age effects were accounted for in the
models, they contributed little in explaining total pro-
cess variation. In reality, age effects probably account
for littlein terms of individual variation, which ismore
related to individual fitness. A better expression of in-
dividual variation would be variation in true individual
fitness, those individuals genetically predisposed to
surviving better and producing more offspring and,
hence, contributing more to future generations. If an
ideal-despotic distribution were operating in spotted
owls, then habitat quality, as defined by habitat fitness
potential, was probably confounded with individual fit-
ness. Individuals with higher intrinsic fitness would be
more competitive (despotic) and able to garner the best
resources to ensure that their fitness was realized. Par-
titioning individual fitness from habitat fitness potential
requires identification of genetic or phenotypic traits
to allow for separation of individual fitness from fitness
bestowed on individuals by habitat quality.
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Climatic variation and habitat quality

For apparent survival, the best approximating model
included interactions between climate and habitat cov-
ariates (SOEDG and SODI S) that described the mosaic
of mature and old-growth forests and other vegetation
types. There appears to be an optimal type of mosaic
that defines high-quality spotted owl habitat. In the face
of climatic variation, these areas may also provide a
more stable prey base by providing more distinct patch-
es of prey populations and, possibly, greater prey di-
versity if other habitats are a mosaic of different seral
stages. Radio-marked Northern Spotted Owls traverse
their home ranges less, and hence expend less energy,
in areas of older forest mixed with different seral stages
than do owls in areas with similar amounts of older
forest mixed with clearcuts (Carey and Peeler 1995).
The period when climatic variation affects spotted owls
is during the early breeding season, when energetic
stress is high. Increased movements would only add to
an already stressed energetic burden. In addition, spot-
ted owls may exhaust patches of prey through repeated
visits (Carey et al. 1992). Thus, dispersed patches of
different vegetation types and seral stages within ama-
trix of mature and old-growth forest may provide a
stable prey resource that buffers against the effects of
climate on prey populations and, hence, spotted owls.
Although speculative, this argument suggests alink in
the interaction of climate and habitat quality, with prey
abundance and availability as a potential mechanism
behind that interaction. This also suggests that habitat
maintenance is essential at landscape scales because
excessive loss of key landscape habitat components,
such as mature and old-growth forest, can exacerbate
the effects of unfavorable climatic conditions on sur-
vival.

The best approximating model for reproductive out-
put does not support any interactions between climate
and habitat covariates. Climate affects reproductive
output during the late breeding season. We surmise that
climatic effects during this period could inhibit prey
populations or the ability of parents to capture prey for
their offspring, or could cause direct mortality of young
owls. The lack of interaction between climate and hab-
itat supportsthe ideathat increased precipitation during
the late breeding season may directly affect survival
of young outs before they fledge and are counted during
surveys. However, we cannot discount the possibility
that, although these particular data during this time
period did not support climate—habitat interactions,
they might have been present given a longer time pe-
riod.

Implications for Northern Spotted Owl
population dynamics

Dennis and Taper (1994) and Turchin (1995) define
a regulated population as one with a long-term sta-
tionary probability distribution of population densities.
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This definition implies some mean level of density
around which a regulated population fluctuates with
some bounded variance (Turchin 1995). Thus, this def-
inition of a regulated population can be rephrased in
terms of rates of population change (\) as a population
with a long-term mean \ of one (A = 1) that follows
some probability distribution with variance o2. From
this, limitation can be defined as the process that sets
long-term X = 1, and regulation as the process that
maintains the population at A = 1 within ¢2. Density
dependence can then be viewed as the dependence of
population rates of change on past and/or present pop-
ulation densities (Murdoch and Walde 1989). We were
only able to speculate about the role of density-depen-
dent factors with respect to Northern Spotted Owl pop-
ulations. We did not incorporate density into our anal-
yses, largely because of the problems in detecting den-
sity dependencefrom only 10 yr of field data (see Shenk
1997). The following discussion attempts to integrate
simple population dynamics with our empirical evi-
dence on life history traits, their process variation in-
fluenced by climate and habitat variation, and their re-
lationship to population rates of change.

Based on estimates of apparent survival and recruit-
ment, the spotted owl population in this study appeared
to be stationary (A = 1) during the 10-yr study period.
This population was stationary under fluctuating cli-
mate conditions and habitat quality that varied spa-
tially, but varied little over time. The stationary nature
of the study population suggested that this population
was regulated. In addition, temporal process variation
in \ for this population was low, suggesting little var-
iation around X. This evidence suggested a well-reg-
ulated population, which may be typical of bird pop-
ulations (Murdoch 1994), especially raptor populations
(Newton 1989c).

Habitat may proximally limit spotted owl popula-
tions in northwestern California. Here, we use the term
habitat in reference to the landscape configurations of
mature and old-growth forests at the territory scale,
which collectively defined the life history traits and
habitat fitness potential. Ultimately, the abundance and
availability of prey within spotted owl habitat may limit
populations, because the habitat covariates most close-
ly associated with survival and reproduction are best
explained in terms of prey abundance and availability.
Lack (1954, 1966) argues that food supply ultimately
limits avian populations. Newton (1980) extends this
argument to limitation in raptor populations. Field ex-
periments using food supplementation of raptors sup-
port this argument in terms of reproductive output,
which increases with increasing available food (Ward
and Kennedy 1996, Wiehn and Korpimaki 1997). Un-
fortunately, empirical evidence is scant concerning the
effects of food supply on survival of territory holders.
If habitat configurations within Northern Spotted Owl
territories are limiting, then both survival and fecundity
may be density dependent if habitat selection is density
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dependent, as suggested by an ideal-despotic distri-
bution in spotted owls (Morris 1989). However, this
idea needs further empirical examination.

Previously, we argued that survival of territorial in-
dividuals determines the magnitude of \ in Northern
Spotted Owls, whereas recruitment determines tem-
poral variation in A above the relative magnitude set
by survival. In terms of total processvariation, survival
varied little, relative to reproductive output, over the
course of this study. However, most of the variation in
survival was based on habitat variation, whereas var-
iation in reproductive output was based equally on cli-
matic and habitat variation. By affecting apparent sur-
vival, habitat quality may determine the magnitude of
\, whereas reproductive output and recruitment may
determine variation around \. If habitat conditions re-
main unchanged, then density-dependent factors (hab-
itat) control the magnitude of \, and combined density-
independent (climate) and density-dependent factors
(habitat) control the variation around N. However, if
habitat conditions change, e.g., from less ‘‘good’’ hab-
itat to more ‘‘poor’’ habitat, then density-independent
factors influence the variation in survival and, hence,
variation around \. In other words, as habitat quality
decreases, density-independent factors become more
important in determining variation around A. Thus,
there is probably some range of habitat quality where
X will remain at 1 but variation around X will increase.
Theoretically, an increase in variation around X\, with
agreater proportion of this variation caused by climate,
will increase the probability of extinction (Lande
1993). At some point, lower habitat quality will cause
the population to be unregulated (i.e.,, A < 1), and it
will decline, eventually to extinction.

The argument as to whether a single general factor,
such as habitat quality or climate, regulates or limits
populations becomes moot when interactions are con-
sidered (Holmes 1995). These two factors can increase
or decrease in importance, depending on changesin the
other factor. We believe that understanding the mag-
nitude, strength, and relative importance of different
factors under varying conditions provides a deeper un-
derstanding of population dynamics.
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APPENDIX A
BioLoGICAL BACKGROUND

Biological basis for delineation of life history periods

The winter stress period (November—February) and the
heat stress period (July and August) were defined based on
when maximum climatic stresses occurred. The winter stress
period averaged the highest precipitation and coldest tem-
peratures during the year, whereas the heat stress period av-
eraged the highest maximum temperatures =32°C (Fig. 2).
The winter stress period is when female owls may develop
fat reserves prior to laying eggs in the spring. Hirons (1982)
observed that ovarian follicles failed to develop in Tawny
Owl (Strix aluco) females that had insufficient fat reserves
from the winter. Although individuals do not undergo stresses
from rearing young and molting during this period, they may
encounter stress from poor hunting conditions during ex-
tended periods of rain. Thus, climatic conditions during the
winter stress period can affect reproductive output in the fol -
lowing spring, as well as over-winter survival. Extremely hot
conditions during the heat stress period, regardless of pre-
cipitation, could negatively affect survival in fledged young
and =1-yr-olds. Although counting of most fledged young
occurs before this period, survival of fledged young during
this period might affect estimates of recruitment of young
birds into the territorial population the following year.

Two periods were defined in which reproduction may re-
quire additional energetic demands on individuals. The early
nesting period (March and April) occurs when owls initiate
nesting and incubate eggs, and the late nesting period (May)
occurs when young are brooded with decreasing frequency
until they fledge in late May and early June (Forsman et al.
1984). These two periods can be optimal, given appropriate
conditions, for plant growth that optimizes maintenance and
production of prey populations. However, severe inclement
weather may affect reproductive output during these two pe-
riods. In addition, conditions during the early nesting period
may affect survival of owls =1 yr old, because winter-like
conditions can still occur. The last period we considered was
the dispersal period in September and October, when juve-
niles disperse from their natal territories and first begin fend-
ing for themselves (Gutiérrez et al. 1995). This period is
relevant only to recruitment, because juvenile survival affects
potential recruitment of these individuals into the territorial
population.

Biological basis for development of hypothesized climate
models

In terms of direct effects, it is unlikely that cold temper-
atures alone affect survival of Northern Spotted Owls =1 yr
old because they have plumage characteristics similar to those
of boreal owl species (Barrows 1981). However, young owls
have poor thermoregulatory ability while still in the nest
(Howell 1964, Wijnandts 1984) and may be negatively af-
fected by cold temperatures, especially in combination with
precipitation. Conversely, Northern Spotted Owls may be
proneto heat stress. They appear to have alower upper critical
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temperature (25.2°C) than do Great Horned Owls, exhibiting
heat stress at ~32°C under laboratory conditions and in the
wild (Barrows 1981, Ganey et al. 1993).

In terms of indirect effects, precipitation combined with
cold temperatures may inhibit the owls’ ability to forage suc-
cessfully at night when they rely primarily on hearing to
locate and capture prey (Forsman et al. 1984). Although pre-
cipitation does not inhibit nocturnal movements of radio-
tagged Northern Spotted Owls (Forsman 1980), it reduces the
hunting success of Tawny Owls (Strix aluco), presumably by
limiting the owls’ ability to hear prey movement at night
(Hirons 1982). Therefore, precipitation may not inhibit move-
ments of owls, but may inhibit their successin capturing prey.
Large prey may also limit their movements during rainy
weather (Linsdale and Tevis 1951, Wells-Gosling and Heaney
1984, Gentry et al. 1966), whereas small prey may increase
their activity (Gentry et al. 1966, Marten 1973, Vickery and
Bider 1981, Scheibe 1984). However, small prey may de-
crease their activity during low ambient temperatures (Marten
1973, Vickery and Bider 1981, Scheibe 1984). We postulate
that hunting success for Northern Spotted Owls is lowest
during cold, rainy periods when prey activity and the hearing
ability of owls are both suppressed. Hunting success deter-
mines both individual survival and reproductive success. Fe-
male owls do all of the incubation and early brooding of
young, with the male providing food (Forsman et al. 1984).
Nest desertion in Tawny Owls is influenced by the inability
of the male to provide sufficient food for the female during
bad weather (Southern 1970). Conversely, hunting success
should be highest during dry, warm conditions and neutral
during wet, warm or dry, cold conditions that represent trade-
offs between detection ability of owls and activity of prey
(Table Al).

We also postulate that (1) wet, cold conditions and se-
vere drought conditions, in general, would negatively ef-
fect prey survival; (2) drought conditions, regardless of
temperature, would negatively affect prey reproduction
and plant production; and (3) only warm, wet conditions
would have a positive effect on both (Table A1). Extended
rainy periods increase parasitism and disease in Neotoma
(Linsdale and Tevis 1951), whereas Peromyscus has re-
duced body mass under drought conditions (Nelson 1993).
Prey reproduction can be inhibited by both drought con-
ditions and reduced ambient temperatures, which reduce
sperm production and litter size (Meyers et al. 1985, Nel-
son 1993) and delay breeding seasons (Sadleir 1974). Pro-
duction of forage also affects successful reproduction in
prey species because of increased energetic demands dur-
ing breeding (Bronson 1989). In northern California, the
vegetative growing season is restricted to the spring when
higher temperatures coincide with adequate water supplies,
which are lacking in the summer (Major 1977). Fitter et
al. (1995) suggest that ambient temperature may be the
most important determinant of flowering in the spring.

Potential indirect effects of climate conditions on Northern Spotted Owls and

their prey that were used to develop statistical models of the effects of climate on life-history
traits: O indicates a neutral effect, — a negative effect, and + a positive effect.

Climate Hunting Prey Prey Prey forage Net

condition success survival reproduction production effect
Warm wet 0 0 + + +
Cold wet - - - - -
Warm drought + - — — -
Cold drought 0 - - - -
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However, lack of available water also has a direct inhibitory
effect on photosynthesis (Larcher 1980). Hypogeous fungi
reach higher biomassin mesic conditions (Luomaet al. 1991),
whereas tanoak requires relatively high levels of moisture
and mild temperatures for production, even though it is adapt-
ed to withstand drought conditions (McDonald and Tappeiner
1987). There could also be lag effects of climate on plant
production, which in turn could affect spotted owl prey. Over-
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winter survival and density of small mammals have been
positively correlated with forage production in the previous
year (Watts 1969, Jensen 1982). For example, acorn produc-
tion of Quercus oaks in California is positively associated
with total precipitation during the previous growing season
(Kundel 1980). Therefore, life history parameters of Northern
Spotted Owlsintimet + 1 may be indirectly affected by the
growing season in time t.

APPENDIX B

A further consideration of survival models, including models with problems in identifiability of parameters, is available
electronically in ESA's Electronic Data Archive: Ecological Archives M070-003.
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Preface

This report is one of a set of periodic reports produced by the Northwest Forest Plan (the
Plan) interagency monitoring program. These reports attempt to answer questions about
the effectiveness of the Plan using the latest monitoring methods and research results. The
reports focus on establishing baseline information from 1994, when the Plan was approved,
and reporting changes that have occurred since then. The series includes late-successional
and old-growth forests, northern spotted owl (Strix occidentalis caurina) population and
habitat, marbled murrelet (Brachyramphus marmoratus) population and habitat, watershed
condition, government-to-government tribal relationships, socioeconomic conditions, and
project implementation. These monitoring reports are also intended to identify potential is-
sues and to recommend solutions for future adaptive management changes and, as noted in
the first reporting cycle, to resolve information management issues that inevitably surface
during these analyses.



Abstract

Davis, Raymond J.; Dugger, Katie M.; Mohoric, Shawne; Evers, Louisa; Aney,
William C. 2011. Northwest Forest Plan—the first 15 years (1994-2008): status
and trends of northern spotted owl populations and habitats. Gen. Tech. Rep. PNW-
GTR-850. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific
Northwest Research Station. 147 p.

This is the second in a series of periodic monitoring reports on northern spotted owl (Strix
occidentalis caurina) population and habitat trends on federally administered lands since
implementation of the Northwest Forest Plan in 1994.

Here we summarize results from a population analysis that included data from long-
term demographic studies during 1985-2008. This data was analyzed separately by study
area, and also in a meta-analysis across all study areas to assess temporal and spatial pat-
terns in fecundity, apparent survival, recruitment, and annual rates of population change.
Estimated rates of annual population decline ranged from 0.4 to 7.1 percent across federal
study areas (weighted average of 2.8 percent). Covariates for barred owls (Strix varia),
weather, climate, habitat, and reproductive success were analyzed and had varying degrees
of association with owl demographic parameters. We now have more evidence that increas-
ing numbers of barred owls and loss of nesting/roosting habitat contributed to demographic
declines in some study areas.

We also summarize results from a habitat analysis that used the above data in conjunc-
tion with remotely sensed data from 1994 to 2007 to develop “habitat suitability” models
and habitat maps. These maps were used to quantify the amount and distribution of owl
habitats. We also report on causes of habitat change during this period. On federal lands,
nesting/roosting habitat declined by 3.4 percent rangewide, with some physiographic
provinces experiencing losses of 10 percent. Dispersal habitat increased by 5.2 percent, but
dispersal-capable landscapes declined by 1 percent.

Wildfire remains the leading cause of habitat loss. We developed a rangewide “wildfire
suitability” model and map to illuminate the portions of the owl’s range where suitable nest-
ing/roosting habitat overlaps with landscapes suitable for the occurrence of large wildfires.

Barred owls and management of owl habitat in fire-prone areas continue to be topics
for future monitoring, research, and management consideration.

Keywords: Northwest Forest Plan, effectiveness monitoring, northern spotted owl,
geographic information system, owl habitat, habitat suitability, wildfire suitability, demo-

graphic study, remote sensing, predictive model, habitat model.



Summary

For the eight federal study areas associated with the Northwest Forest Plan (the Plan)
effectiveness monitoring program, the average rate of population decline was 2.8 percent
per year. Strong evidence of declines in annual rates of population change were reported
for five of the eight individual effectiveness monitoring area study sites, but confidence
limits on point estimates for three areas in the center of the northern spotted owl (Strix
occidentalis caurina) range (southwest Oregon) overlapped lambda = 1.0, suggesting these
three populations may not be declining. Rates of population decline were highest in the
northern portions of the owl’s range (Washington and northern Oregon) where populations
are estimated to have declined 40 to 60 percent since the Plan’s implementation.

A variety of covariates including presence of barred owls (Strix varia), weather and
long-term climate cycles, the amount of suitable nesting/roosting habitat on and adjacent to
each study area, and the previous year’s reproductive success, were included in the analysis
of demographic data to explore associations between them and observed population trends.
These covariates had varying degrees of association with owl demographic parameters, but
at least one vital rate (i.e., fecundity, apparent survival, or population) was declining on all
study areas.

The long-term demographic data we continue to collect are the key to understanding
the range of factors that are affecting the recovery of spotted owl populations. At present,
the invasion of the competitive barred owl and the amount of suitable nesting/roosting
habitat are the factors most associated with spotted owl vital rates. Directly managing
barred owl encroachment into spotted owl habitats may be beyond the scope of the Plan,
but maintaining large blocks of suitable spotted owl habitat will likely play a key role in
decreasing negative interactions between the two species and increasing the likelihood of
the persistence of spotted owl populations.

On federal lands, we estimated nesting/roosting habitat losses for 1994 through 2007
in California, and 1996 through 2006 in Oregon and Washington at 3.4 percent rangewide.
Although rangewide losses have not yet exceeded what was anticipated under the Plan,
some physiographic provinces have incurred losses up to 10 percent. This and the fact that
most of the nesting/roosting habitat loss occurred within reserved land use allocations, and
not within the federal matrix outside of these reserves, raises some concern. But in spite
of this paradox, the large, repetitive design of reserves appears to still be functioning as
intended. Of the 12 million ac of nesting/roosting habitat remaining, 71 percent occurs on
federally administered lands, and approximately 70 percent of this is in reserved land use
allocations (not including riparian reserves). Over half of the nesting/roosting habitat occurs
in the central (core) portions of the owl’s range, within the Klamath Mountain provinces of
Oregon and California (27 percent) and the western Cascades of Oregon (26 percent). Not
enough time has yet elapsed for us to accurately detect or estimate any significant recruit-
ment of nesting/roosting habitat; however, increases were observed in “marginal” (younger)
forests indicating that future recruitment of nesting/roosting habitat is on track to occur, as
anticipated, within the next few decades.



In addition to providing potential future nesting/roosting habitat, some younger
forests function as dispersal habitat. Forest succession accounted for some dispersal habitat
recruitment, especially in the more productive tree-growing portions of the range (i.e.,
Oregon Coast Range). Partial disturbances of nesting/roosting habitat also accounted for
some of this recruitment as well. Loss of dispersal habitat, primarily from wildfires, was
observed, but recruitment rates exceeded losses, resulting in a net increase in dispersal
habitat of 5.2 percent (rangewide). In spite of this net gain, dispersal-capable landscapes
actually decreased by 1 percent within the owl’s range because of the spatial distribution
of this habitat. Even with this small decrease, the network of large reserves remains fairly
well connected, with the exception of the northern portion of the eastern Cascades of Wash-
ington and also within the southern tip of the range where some large reserves appear to be
isolated (including the Marin County population).

Recent improvements in remotely sensed vegetation and change-detection mapping
has resulted in better habitat maps to replace the baseline versions produced for the first
monitoring report. Progress in habitat “niche” modeling methods and software has im-
proved our ability to map not only habitat for spotted owls, but also “suitable habitat” for
large wildfires. Wildfire remains the leading cause of owl habitat loss. About 3.6 million ac
of nesting/roosting habitat remain in landscapes that are naturally prone to large wildfires.
Most of this “fire-prone” habitat (85 percent) occurs within the “core” of the owl’s range
(i.e., the Klamath Mountains and the western Cascades of Oregon). Not all habitat burned
is lost to owls, as fire intensity and frequency play a role in the effect of fire on owl habitat
use. Our monitoring showed that large wildfires resulted in 30 to 62 percent loss of the
nesting/roosting owl habitat within their perimeters.

Wildfire is a natural ecological process under which northern spotted owls have
evolved, but the landscapes in which this occurred were heavily altered during the 20t
century. Most remaining nesting/roosting habitat is now contained on federal land, and
its fragmented condition makes it, and the populations that rely on it, more vulnerable to
future large wildfires. Conservation management for northern spotted owls in relation to
wildfire will involve understanding (1) where suitable owl habitats overlap suitable habitat
for large wildfire; (2) the effect of fuel reduction treatments to reduce fire risk on owl habi-
tat use and demographics; and (3) the relationships of fire frequency, severity, and extent

with owl habitat use and demographics.



Contents

1 Chapter 1: Introduction and Background
Raymond J. Davis, Katie M. Dugger, and Shawne Mohoric

3 References

5 Chapter 2: Population Status and Trend
Katie M. Dugger and Raymond J. Davis

Introduction

Data Sources and Methods
Field Data Collection

Data Analysis

Error Checking

Estimating Survival

O O 9 33 D

Estimating Fecundity

10 Estimating Annual Rate of Population Change and Realized Population Change
10 Results

11 Survival

12 Fecundity

14 Annual Rate of Population Change

15 Realized Population Change

15 Discussion

17 Summary

18 References

21 Chapter 3: Habitat Status and Trend
Raymond J. Davis and Katie M. Dugger

21 Introduction

23 Habitat Monitoring Under the Plan

24 Methods and Data Sources

24 Land Use Allocation Data

27 Vegetation Data

28 Change-Detection Data

30 Spotted Owl Presence Data

30 Habitats, the Niche Concept, and Habitat Modeling
32 Habitat Modeling Process

33 Environmental Variables

34 Modeling Regions

36 Habitat Map Development and Evaluation
38 Nesting/Roosting Habitat

40 Dispersal Habitat



Vi

41
43
43
43
49
52
53
54
55
63

63
65
67
69
70
71
73
78
80
87

87
89
92
92
96
97
99
103

107
121

125

129

135
141

Habitat Fragmentation
Results

Habitat Suitability Modeling
Nesting/Roosting Habitat
Dispersal Habitat

Habitat Fragmentation
Discussion

Summary

References

Chapter 4: Large Wildfires Within the Owl’s Range
Raymond J. Davis, William C. Aney, Louisa Evers, and Katie M. Dugger

Introduction

Methods and Data Sources
Environmental Data

Large Wildfire Data

Wildfire Suitability Modeling
Results

Discussion

Summary

References

Chapter 5: Emerging Issues, Related Research, and Research Needs
Katie M. Dugger and Raymond J. Davis

Emerging Issues

Related Research and Research Needs

Summary

References

Acknowledgments

Metric Equivalents

Appendix A: Environmental Variables Used for Habitat Suitability Modeling

Appendix B: Nearest Neighbor Distance Analysis of Demographic Study
Area Data

Appendix C: Habitat Suitability Modeling Replicate Data

Appendix D: Nesting/Roosting Habitat Status and Trend Tables Based
on LandTrendr Analysis

Appendix E: Dispersal Habitat Status and Trend Tables Based on
LandTrendr Analysis

Appendix F: Crosswalk for Modifying Bookend 2 (2006/07) Map for Making
Habitat Suitability Histograms

Appendix G: Wildfire Suitability Modeling, MaxEnt Replicate Data
Appendix H: Regional Inventory Plot Analysis



Northwest Forest Plan—the First 15 Years (1994—-2008): Status and Trends of Northern Spotted Owl

Chapter 1: Introduction and Background
Raymond J. Davis, Katie M. Dugger, and Shawne Mohoric

In 1994, the Northwest Forest Plan (referred to hereafter as
the Plan) amended 19 existing Forest Service and 7 Bureau
of Land Management resource management plans within
the range of the northern spotted owl (Strix occidentalis
caurina). An interagency effectiveness monitoring frame-
work was implemented to meet requirements for tracking
the status and trends for late-successional and old-growth
forests, northern spotted owl populations and habitat,
marbled murrelet (Brachyramphus marmoratus) popula-
tions and habitat, watershed condition, social and economic
conditions, and tribal relationships. Monitoring results

are reported at l-year intervals and evaluated at 5-year
intervals. The first regional monitoring reports roughly
covered the first 10 years of Plan implementation and were
documented in a series of General Technical Reports posted
at http:/www.fs.fed.us/pnw/publications/gtrs.shtml. The
first northern spotted owl population and habitat monitoring
report was produced in 2005 covering status and trends of
populations up to 2003 and habitat up to 2002 (Lint 2005).
This report is the second in the series of northern spotted
owl effectiveness monitoring reports (Lint et al. 1999) and
covers population status and trend up to 2008 and habitat
status and trend up to 2007.

The goal of the northern spotted owl monitoring
program is to evaluate the success of the Plan in arresting
the downward trends in populations and habitats that were
largely responsible for the establishment of the Plan. In part,
the Plan was designed to maintain and restore habitat condi-
tions necessary to support viable populations of the north-
ern spotted owl on federally administered lands throughout
the owl’s range (fig. 1-1). The objectives for northern spotted

owl effectiveness monitoring are as follows:

1. Assess changes in population trends and demographic
rates of spotted owls on federal lands within the owl’s

range.

2. Assess changes in the amount and distribution of
nesting, roosting, foraging and dispersal habitat for
spotted owls on federal lands.

The first monitoring effort reporting on status and
trends of northern spotted owl populations and habitat (Lint
2005) included a summary of the fourth northern spotted
owl meta-analysis (Anthony et al. 2006) and produced a
habitat baseline map using the latest technology and best
available data at the time. This report covers the first 15
years of implementation under the Plan, including a summa-
ry of the fifth northern spotted owl population meta-analysis
(Forsman et al. 2011) and the development of new habitat
maps based on new vegetation data, analytical methods, and
habitat modeling technologies.

Lint (2005) realized that as technology advances, there
will be a need to refine or adapt old monitoring methods for
new analytical approaches. With the help of leaders in the
fields of statistics and wildlife demographics, the analyti-
cal methods for conducting the population meta-analysis
continue to advance. Barred owl (Strix varia), climate, and
habitat covariates were included in the latest analysis for the
first time in 2009 (Forsman et al. 2011). The habitat covari-
ates used were products from the 10-year report (Davis and
Lint 2005). The inclusion of these new modeling techniques
and covariates allowed us to investigate relationships be-
tween them and owl demographics for the very first time.

Likewise, the habitat analysis has evolved to incor-
porate new habitat modeling and forest pattern analysis
software that can be used for identifying habitat conditions,
characterization of change to those conditions, and the
recruitment of those conditions through forest succession.
Improvements were made to the vegetation data used to
characterize owl habitat, including the addition of more
variables for habitat modeling and analysis. Most notable,

a consistent vegetation data set was produced for the entire
range of the northern spotted owl, which has never been
available before. This new vegetation data set replaces the
two previously used data sets (IVMP and CALVEG) and,
along with new modeling software, allowed us to refine
the previous baseline habitat map. Therefore the baseline
amounts and distribution of owl habitat reported in the 10-

year report are replaced by results presented in this report.
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The Range of the
Northern Spotted Owl
From Space

On April 25, 2004, a rare cloud-
free image of the Pacific Northwest
was captured by a NASA satellite's
moderate resolution imaging
spectroradiometer (MODIS).

The burned footprints of the recent
Biscuit Fire (2002) in the Oregon
Klamath Province and the B&B Fire
(2003) in Oregon's Eastern Cascades
(yellow arrows) can be seen from over
400 mi in space. Snow-covered
mountaintops denote the highest
elevations of the owl's range, much

of which is not capable of supporting
nesting/roosting habitat.

Physiographic Provinces

1. Washington Olympic Peninsula
2. Washington Western Lowlands
3. Washington Western Cascades
4. Washington Eastern Cascades
5. Oregon Western Cascades

6. Oregon Eastern Cascades

7. Oregon Coast Range

8. Oregon Willamette Valley

9. Oregon Klamath

10. California Klamath

11. California Coast Range

12. California Cascades

N

&

0 50 100 150 200 Miles

0 80 160 240 320 Kilometers

Figure 1-1—The range of the northern spotted owl. NASA = National Aeronautics Space Administration.

2



Northwest Forest Plan—the First 15 Years (1994—-2008): Status and Trends of Northern Spotted Owl

Improvements were also made to the remotely sensed
data used for estimating habitat changes. These improve-
ments include a finer time sequence of change-detection
(annual versus 4- to 5-year intervals) and an improved
ability to detect lower intensity disturbances (i.e., thinning,
insects, and disease). Another improvement in our ability to
detect habitat changes came from the creation of a vegeta-
tion data set that contains the same variables as the baseline
data set, but for a later period. We called these vegetation
data sets “bookends.” Our first bookend is from 1994 in
California and from 1996 in Oregon and Washington. The
other bookend is from 2007 in California and from 2006 in
Oregon and Washington. Therefore our habitat maps and
our analysis of habitat status and trends cover the period
from 1994/96 to 2006/07.

The spotted owl monitoring plan includes two phases
of monitoring (Lint et al. 1999). Phase I entails demographic
monitoring of individual territorial owls on eight federal
study areas to estimate population demographics including
survival, fecundity, and rate of population change while
also tracking habitat conditions rangewide. The eight
federal study areas that are part of phase | occur on federal
lands administered by the U.S. Forest Service, Bureau of
Land Management, and the National Park Service. They
provide population trend data for a representative mix of
areas considered key to the success of owl management
under the Plan. The scientists who developed the monitor-
ing plan determined that these eight study areas were the
minimum number needed to be able to make scientifically
credible and defensible inferences of population trends to
the broader federal landscape within the owl’s range (Lint
et al. 1999, Mulder 1997). It is hoped that eventually the
demographic monitoring data can be combined with the
habitat monitoring data to develop predictive models of
owl occurrence and demographic performance based on
observed habitat conditions. This would allow for imple-
mentation of phase II, which increases emphasis on habitat
monitoring and decreases the population monitoring to a
minimum of four study areas, which would provide a means

to validate the population predictions of the habitat models.

Implementation of phase II depends on our ability to relate
owl demography to habitat conditions such that we can
relate habitat status and trends directly to population status
and trends with acceptable confidence. To date, attempts to
develop predictive models have had mixed results (Dugger
et al. 2005, Franklin et al. 2000, Olson et al. 2004) and have
generally been unsuccessful across the range of the owl;
however, some progress has been made as noted above and,
as technology continues to advance, this remains our goal.
After 15 years, agency managers continue to be
proactive and supportive of the monitoring program. As
Lint (2005) stated, this support is, “of utmost importance to
the future of the effectiveness monitoring program.” The
Northwest Forest Plan’s effectiveness monitoring program
(Mulder et al. 1999) has received national and international
attention (Gosselin 2009) and has been noted as the largest
and most comprehensive regional forest plan monitoring
ever conducted (McAlpine et al. 2007). The monitoring data
created and the analysis results presented in the 10-year
monitoring report have provided valuable information for
managers and policymakers in making informed decisions.
Examples include northern spotted owl recovery planning
(USDI 2008b) and designation of critical habitat (USDI
2008a) and increased emphasis by regulatory and manage-
ment agencies to reduce risk of owl habitat and old forests

from high-severity fire in dry provinces (Spies et al. 20006).
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Chapter 2: Population Status and Trend
Katie M. Dugger and Raymond J. Davis

Introduction

The collection of demography data is the foundation of the
effectiveness monitoring program for northern spotted owls
(Strix occidentalis caurina) (Lint et al. 1999), designed to
monitor the effect of the Northwest Forest Plan (the Plan) on
populations. Demographic surveys for spotted owls follow-
ing standardized data collection protocols began on some
study areas as early as 1985 (northwest California: Franklin
et al. 1996a, 1996b) even before the monitoring plan was
actually finalized. The first rangewide meta-analysis was
conducted in 1991 (Anderson and Burnham 1992), then
again in 1993 (Burnham et al. 1996), and every 5 years
thereafter (1998: Franklin et al. 1999; 2004: Anthony et

al. 2006; 2009: Forsman et al. 2011). This long history of
owl surveys and demographic data collection represents

the single largest, long-term mark-recapture data set in the
world for a threatened species (Courtney et al. 2004), and
these data are invaluable for monitoring spotted owls under
the Plan.

The goal of the population component of the monitoring
program is to determine if the Plan is arresting or slowing
the declining trend in northern spotted owl populations
on federally administered lands throughout the owl’s
range. This is accomplished with annual data collection on
eight federal study areas associated with the effectiveness
monitoring plan (Lint et al. 1999). For the 10-year report
(Lint 2005), these eight areas and data from three other
independent study areas provided relevant data to address
this question on federal lands managed under the Plan (An-
thony et al. 2006). After 15 years, we report results from the
eight federal demographic study areas and one independent
study area. These nine areas are spread throughout the owl’s
range (fig. 2-1) and data on owl occupancy, survival, and
productivity were gathered annually from each to estimate
apparent adult survival, reproduction, and annual rate of
change of owl populations. Detailed results of the analyses
of these data and data from two other, independent study

areas within the range of the owl are reported by Forsman

et al. (2011). The objectives of the most recent population

status and trend meta-analysis were as follows:

»  Estimate age-specific survival and fecundity rates
and their sampling variances for individual study
areas.

*  Determine if any trends in adult female survival and
fecundity exist across study areas.

»  Estimate annual rates of population change (1) and
their sampling variances for individual study areas.

*  Determine if the declines in apparent survival and
populations, which were documented previously
(Anthony et al. 2006), have continued or stabilized.

*  Determine whether changes in the amount of suit-
able habitat, the presence of barred owls (Strix
varia), or climate explain the observed annual vari-
ability in owl vital rates.

»  Estimate components of the rate of population
change, including apparent survival and recruit-
ment rates that were not done in previous analyses
(Anthony et al. 2006, Burnham et al. 1996, Franklin
et al. 1999).

Data Sources and Methods

Data from eight demographic study areas in Washington,
Oregon, and California were used to estimate status
and trends of owl populations on federal lands (fig. 2-1).
Although it is not part of the monitoring plan, data from
the Rainier study area in Washington were also included be-
cause the study area occurs primarily on federal land. The
two additional study areas in the latest meta-analysis are
the Hoopa on tribal lands and the Green Diamond Resource
study area on private timber company lands (Forsman et al.
2011). Because Hoopa and Green Diamond Resources did
not include any lands managed under the Plan, they were
excluded from this monitoring report, except when meta-
analysis results including all 11 study areas are presented.
This monitoring report is based on nine study areas
managed under the Plan that include variation in climate,
vegetation, and topography and encompass most of the
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Northwest Forest Plan
Northern Spotted Owl
Demographic Study Areas

Type of Study Area

- Independent

Forest-CapabIe Land

- Federal
- Nonfederal

* These are the eight study areas
that were selected for phase 1
population monitoring under
Lint et al. (1999).

Physiographic Provinces

1. Washington Olympic Peninsula
2. Washington Western Lowlands
3. Washington Western Cascades
4. Washington Eastern Cascades
5. Oregon Western Cascades

6. Oregon Eastern Cascades

7. Oregon Coast Range

8. Oregon Willamette Valley

9. Oregon Klamath , _ _
10. California Klamath "/ \ Northwest
11. California Coast Range California
12. California Cascades

;N
0 50 100 150 200 Miles
0 80 160 240 320 Kilometers

Figure 2-1—Location of nine demography study areas comprising primarily federal lands administered under the
Northwest Forest Plan and included in the 2009 northern spotted owl meta-analysis. Source: Forsman et al. (2011).
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northern spotted owl’s geographic distribution. The forests
on all study areas are dominated by conifers or mixtures

of conifers and hardwoods, although there are regional
differences in species composition (for more details, see
Forsman et al. 2011). The nine study areas range from 396
to 1514 mi2; the median study area size was 691 miZ, and
the mean was 829 mi? (table 2-1). These nine study areas
encompassed 7460 mi? or approximately 8 percent of the
owl’s range, and the numbers of years included in these data
sets ranged from 17 (Rainier) to 24 (Northwest California).
Four of these study areas (Olympic, H.J. Andrews, South
Cascades, and Northwest California) primarily comprised
federal lands administered by USDA Forest Service, the
USDI Bureau of Land Management, and the USDI National
Park Service (table 2-1). The other five (Cle Elum, Rainier,
Coast Ranges, Tyee, and Klamath) included a mixture of
federal, private, and state lands intermixed in a checker-

board pattern of ownership (table 2-1).

Field Data Collection

Data on individually identifiable (i.e., banded) owls were
collected from the nine demographic study areas annually.
During each breeding season (March through August),
multiple visits (usually > three per season) were made to
owl territories to locate banded owls; confirm band num-
bers, sex, and age; and band any unmarked owls. In addi-
tion, the number of young produced was documented for
each territorial owl, and fledglings were banded resulting
in a known-age population of spotted owls on each study
area. For details on the standardized field methods used

to capture, mark, age, sex, and estimate productivity, see
Franklin et al. (1996a). These methods resulted in complete
capture histories over time of every owl banded during this
study and the number of young fledged per territorial female
(NYF) located each year. From these data, annual apparent
survival (@) by sex and age, annual productivity (NYF)

by age, and the annual rate of population change (1) were
estimated (Forsman et al. 2011).

Data Analysis
During a 9-day period in January 2009 (9th through 17th),

a workshop was held at Oregon State University in

Corvallis, Oregon, to analyze the data from 11 study areas.
This workshop was led by research scientists with inter-
nationally recognized expertise in population dynamics,
statistics, and the analysis of capture-recapture data. The
analyses were conducted under the direct guidance of these
scientists. Consistent with the previous four workshops con-
vened since 1991 to analyze spotted owl demographic data,
all participants adopted formal protocols for error-checking
data sets and for the development of a priori model sets for
each parameter of interest (Anderson et al. 1999). Thus, the
data were collected and prepared in a consistent manner
among study areas, and there were no analyses of additional
models after post hoc examination of initial results (i.e.,

all data sets were analyzed the same way). Detailed results
from this workshop (summary presented here) are reported
in Forsman et al. (2011), and these analyses represent a
retrospective, observational study, which assesses the
strength of association between owl vital rates and a variety
of explanatory covariates rather than addressing direct
cause-effect relationships.

Error Checking

Crew leaders from each study area compiled survival,
fecundity, and rate of population change data sets in a
consistent manner, following specific instructions provided
by workshop organizers. When digital files were completed,
data entry was error checked by independent members of
the workshop organizing team. The capture-history files

for estimation of survival and annual rate of population
change were error checked by randomly drawing 10 capture
histories from each study area file and comparing them to
paper copies of the field data that supported each of these
capture histories. Fecundity data entry was error checked in
a similar way, with 10 records of reproductive success for a
specified female in a given year compared to paper copies of
the field data forms. If errors were found in the first round
of checking, the errors were corrected and the process was
repeated with another sample of 10 records. If errors were
found in the second round of data checking, the entire file
was returned to the crew leader and principal investigator
for review and correction. This sequence of error checking
and correction was continued until no errors were found



Table 2-1-Descriptions of nine demographic study areas associated with land managed under the Northwest Forest Plan
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Land- Number of banded owls
Physiographic owner Study Total
Study area province Years class Ecological region size S18 S22 Adults®  Total encounters®
mi?
Washington:
Cle Elum® Eastern Cascades 1989-2008 Mixed Washington mixed conifer 689 31 32 148 211 1,170
Rainier Western Cascades 1992-2008 Mixed Washington Douglas-fir 837 8 12 133 153 583
Olympic® Olympic Peninsula 1990-2008 Federal Washington Douglas-fir 861 19 32 337 388 1,510
Oregon:
Coast Ranges® Coast Ranges 1990-2008 Mixed Oregon coastal Douglas-fir 1,514 66 97 486 649 3,306
H.J. Andrews® Western Cascades 1988-2008 Federal Oregon Cascades Douglas-fir 619 28 91 457 576 3,082
Tyee® Coast Range 1990-2008 Mixed Oregon coastal Douglas-fir 396 137 110 243 490 2,315
Klamath® Klamath 1990-2008 Mixed Oregon/California mixed conifer 549 169 134 347 650 2,800
South Cascades®  Western and 1991-2008 Federal Oregon Cascades Douglas-fir 1,304 43 80 479 602 2,364
Eastern Cascades
California:
Northwest Klamath 1985-2008 Federal Oregon/California mixed conifer 691 114 80 280 474 2,550
Califo