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1 | INTRODUCTION

Abstract

Aim: Global declines in large old trees from selective logging have degraded old-forest
ecosystems, which could lead to delayed declines or losses of old-forest-associated
wildlife populations (i.e., extinction debt). We applied the declining population para-
digm and explored potential evidence for extinction debt in an old-forest dependent
species across landscapes with different histories of large tree logging.

Location: Montane forests of the Sierra Nevada, California, USA.

Methods: We tested hypotheses about the influence of forest structure on territory
extinction dynamics of the spotted owl (Strix occidentalis) using detection/non-
detection data from 1993 to 2011 across two land tenures: national forests, which
experienced extensive large tree logging over the past century, and national parks,
which did not.

Results: Large tree/high canopy cover forest was the best predictor of extinction rates
and explained 26%-77% of model deviance. Owl territories with more large tree/high
canopy cover forest had lower extinction rates, and this forest type was ~4 times more
prevalent within owl territories in national parks (x = 19% of territory) than national
forests (x = 4% of territory). As such, predicted extinction probability for an average
owl territory was ~2.5 times greater in national forests than national parks, where oc-
cupancy was declining (3\< 1) and stable (3\=1), respectively. Large tree/high canopy
cover forest remained consistently low, but did not decline, during the study period on
national forests while owl declines were ongoing—an observation consistent with an
extinction debt.

Main conclusions: In identifying a linkage between large trees and spotted owl dynam-
ics at a regional scale, we provide evidence suggesting past logging of large old trees
may have contributed to contemporary declines in an old-forest species. Strengthening
protections for remaining large old trees and promoting their recruitment in the future
will be critical for biodiversity conservation in the world’s forests.

KEYWORDS
declining population paradigm, forest management, forest restoration, logging, occupancy
modelling, spotted owl

(Lindenmayer, Laurance, & Franklin, 2012). Agriculture (Laurance,
Sayer, & Cassman, 2014), fire (Jones, Gutiérrez, Tempel, Whitmore

Large old trees have declined across nearly all global ecosystems, in et al., 2016; Westerling, 2016) and disproportionate drought suscep-
part because their high commercial value has led to logging pressure tibility (Bennett, McDowell, Allen, & Anderson-Teixeira, 2015) also
that outpaces sometimes centuries-long recruitment and development increasingly threaten large old trees and conservation of old-forest
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ecosystems (Lindenmayer & Laurance, 2017). Loss of large old trees is
a major contributor to habitat loss for many globally endangered old-
forest-dependent (hereafter “old-forest”) species such as the orang-
utan (Pongo spp.) in South-East Asia (Wich et al., 2003), the marbled
murrelet (Brachyramphus marmoratus) and northern spotted owl (Strix
occidentalis caurina) in western North America (Noon & Blakesley,
2006; Raphael, 2006), the Leadbeater’s possum (Gymnobelideus lead-
beateri) in south-east Australia (Lindenmayer et al., 2013) and the
Blakiston's fish owl (Bubo blakistoni) in the Russian Far East and Japan
(Slaght, Surmach, & Gutiérrez, 2013).

Like large old trees, many old-forest species have “slow” life histo-
ries with long generation times and high adult survival, which increases
vulnerability when environments change rapidly (Webb, Brook, &
Shine, 2002). Long-lived individuals may persist for many years in mar-
ginal or degraded forests long after critical breeding habitat elements
such as large old trees are lost or substantially reduced, but gradually
these individuals die off and may not be replaced. Delayed popula-
tion declines or local extinctions resulting from prior habitat loss or
degradation is termed “extinction debt,” which can be assessed across
different levels of organization (e.g., individual species vs. community)
and may be evaluated at spatial scales ranging from local extirpation
within a habitat patch to regional or global extinction of a species.
Extinction debt challenges the ability of scientists to establish causal
links between habitat loss and population declines of individual spe-
cies (Kuussaari et al., 2009). Uncertainty about population status or
causes of decline, then, could delay implementing conservation mea-
sures for old-forest species and the restoration of degraded old-forest
ecosystems. Moreover, this uncertainty creates political opportunities
to undermine governmental or social responses to make corrective
changes (Oreskes & Conway, 2010).

Global challenges facing the conservation of large old trees and
old-forest-associated species (Lindenmayer & Laurance, 2016) have
led some to propose new and more rigorous policies for ensuring their
protection and improving conservation outcomes (Lindenmayer et al.,
2014). Nevertheless, if an extinction debt has already been created,
population declines of old-forest species may continue to occur long
after policies protecting large old trees are put into place. Here, we stud-
ied the potential long-term (multi-generational) impacts of large tree
loss on an old-forest species, the spotted owl (S. occidentalis), across
a large mountain ecosystem by comparing forest conditions and pop-
ulation dynamics between national parks (long-established protected
areas) and national forests (areas that experienced widespread large
tree logging but more recent protections). Following a century of ex-
tensive, intensive and selective logging of very large trees on national
forests (Laudenslayer & Darr, 1990; Stephens, Lydersen, Collins, Fry, &
Meyer, 2015), forest policy was enacted immediately prior to our study
to conserve remaining old-forest elements such as large trees and multi-
layered canopy around spotted owl activity centres (Verner et al., 1992).

Despite these recent protections, we hypothesized that this his-
torical loss of large trees on national forests could be associated with
contemporary population declines, or an extinction debt, for spotted
owls. In testing this hypothesis, we treated protected areas (national
parks) as “contemporary reference landscapes” (Collins et al., 2016;

Meyer, 2015; Miller et al., 2016), because prohibition of logging within
national park boundaries over the past century has largely preserved
historical forest structure and prevalence of very large and old trees
(Beesley, 1996; Lydersen & North, 2012). Thus, in principle, contem-
porary forests characteristics in spotted owl territories on national
parks (e.g., large trees) might more closely represent forests charac-
teristics that might have existed on national forests if protections for
large trees had been established long ago.

Comparing spotted owl populations on national forests and na-
tional parks, then, allowed us to diagnose causes of decline (Caughley,
1994; Green, 1995; Peery, Beissinger, Newman, Burkett, & Williams,
2004) for a species considered to be a barometer of old-forest wild-
life community health in western North America (Simberloff, 1998).
Despite the fact that the spotted owl is one of the most intensively
studied species in the world with 40 years of demographic and ecolog-
ical research across its range, no definitive causal link between ongo-
ing owl declines and changes in habitat has been established. Here, we
offer insight into this elusive question by applying the concept of ex-
tinction debt and provide an unprecedented case study about the po-
tential ecological legacies of large tree loss on increasingly rare global

old-forest species and ecosystems (Lindenmayer et al., 2012, 2014).

2 | METHODS

2.1 | Study areas and logging histories

Four spotted owl study areas—Lassen (LAS), Eldorado (ELD), Sierra
(SIE) and Sequoia-Kings Canyon (SKC)—span nearly the entire latitu-
dinal range of California’s Sierra Nevada (Figure 1). Elevations range
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FIGURE 1 Locations of owl territories across the four spotted owl
study areas in the Sierra Nevada, California, USA. [Colour figure can
be viewed at wileyonlinelibrary.com]
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from 300 to 3,050 m across the four study areas, and the climate is
Mediterranean (Tempel et al., 2016). LAS, ELD and SIE study areas are
primarily located within national forests (with intermixed private land),
whereas SKC occurs within two national parks of the same name.
While Sierran mixed-conifer montane forest is the primary vegetation
type within owl territories across all study areas (Tempel et al., 2016),
contemporary structure of these forests has been strongly affected
by different management legacies across the two land tenures (i.e.,
national forests vs. national parks).

Very large (e.g., >125 cm dbh) old trees were not uncommon
throughout the Sierra Nevada at the turn of the twentieth century
(McKelvey & Johnston, 1992; Safford & Stevens, 2016). Several na-
tional parks including Sequoia (of SKC) were established in 1890 (Kings
Canyon National Park adjoined in 1940), and the prohibition of logging
within park boundaries over the following century largely acted to pre-
serve historical forest structure and prevalence of very large and old
trees (Beesley, 1996; Lydersen & North, 2012). In contrast, logging
activities on what would eventually become Sierra Nevada national
forest lands were well underway by 1900 (Beesley, 1996; Thomas,
2008). Commercial logging (i.e., selective removal of very large trees)
on Sierra Nevada national forests increased from ~470,000 cubic
metres (m°) year™! in the 1870s to its peak during the 1940s when
timber production reached 4.5 million m® year™*. Timber production
remained reasonably high thereafter (generally between 2.8 and
3.8 million m® year™) for several decades before a near-historic peak
in timber production in 1990 when production again neared 4.5 mil-
lion m® year™* (McKelvey & Johnston, 1992).

Concern about the continued and cumulative loss of large trees re-
quired by spotted owls reached a highpoint around the same time and
as a result, in 1992, logging of 276 cm dbh trees on national forests
was restricted (with some allowable exceptions for equipment opera-
bility), as was almost all logging within 121 ha areas around known owl
nest and roost sites (USFS, 2004; Verner et al., 1992). Our study on
spotted owls began in 1993, immediately following near-peak logging
activity and subsequent restrictions. Recent work has established that
national forest lands indeed contain greater prevalence of younger
trees that are smaller in diameter and height (Laudenslayer & Darr,
1990; Stephens et al., 2015) and significantly fewer trees in the larg-
est size classes compared to historical baselines (Collins, Fry, Lydersen,
Everett, & Stephens, in press; Mclintyre et al., 2015; Safford & Stevens,
2016; Stephens et al., 2015). Given that SKC did not experience the
same history of selective logging and forest structural change as the
three study areas on national forests, we treated it as a contemporary
reference landscape for evaluating differences in forest structure and

owl population dynamics between land tenures.

2.2 | Owlsurveys

As part of prior work, we have established that temporal changes in
occupancy rates of spotted owl territories (i.e., based on detection/
non-detection data) can provide inferences regarding overall popula-
tion trends that are comparably reliable to estimates of overall popula-
tion trends based on changes in abundance (Conner, Keane, Gallagher,
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Munton, & Shaklee, 2016; Tempel & Gutiérrez, 2013; Tempel, Peery,
& Gutiérrez, 2014). As such, we conducted detection/non-detection
surveys for spotted owls at 275 owl territories located during breeding
seasons (Apr-Aug on LAS and ELD; Mar-Sept on SIE and SKC) across
the four study areas over a 19-year period (1993-2011). All study
areas consisted of a core study area that we surveyed completely in
each year of the study (i.e., both the areas containing owl territories
and all areas not containing known owl territories within the core area
were surveyed every year). In addition, we added some owl territories
over time, either as an expansion of the core area (LAS) or as individual
“satellite” territories (i.e., adjacent to, but not part of, the core area)
to increase owl sample sizes for demographic analysis (LAS and ELD),
and we dropped a portion of SKC in 2006 (Tempel et al., 2016). We
surveyed all satellite territories used in our occupancy analyses for a
minimum of 3 years; most territories in the core areas were surveyed
for 215 years.

We located spotted owls by imitating their vocalizations (vocal
lure) for 10 min at a survey station or used vocal lures while walking
along a survey route. We then considered sites to be a territory where
owls responded to vocal lures and were subsequently observed either
roosting or nesting during diurnal hours. Some surveys occurred prior
to 1993 but previous analyses have determined that survey coverage
and effort required for population analyses (such as ours presented
here) became adequate beginning in 1993 (Tempel & Gutiérrez, 2013;
Tempel et al., 2016). We did not survey all territories in all years of the
study. However, of the 275 owl territories used in the study, 2205
were surveyed in all but the first year of the study (in 1993, 187 owl
territories were surveyed). The average number of owl territories
surveyed annually was 239 (87% of all known territories; standard
error = 21 territories), with a maximum of 263 territories surveyed in
2008 (95.6% of all known territories). Moreover, while most interven-
ing area between territories was intensively surveyed each year, spot-
ted owls on our study areas rarely established new territories outside
of territories located in the early stages of the study. For example, the
most recently located territory on the ELD was found in 1997. We in-
cluded all surveys in our analyses but excluded nocturnal detections of
unknown owls (i.e., owls that were not re-sighted by unique colour leg-
bands as part of a concomitant mark-recapture study) that occurred
outside of a delineated territory boundary (see below for information
on owl territories) using a Geographic Information System (GIS) to
eliminate potential spurious positive detections of owls not occupy-
ing the nominal territories. A survey in which no owls were detected
needed a total duration of 230 min to be included as an absence re-
cord. Extensive details about each study area and additional survey

details can be found in Tempel et al. (2016).

2.3 | Sampling units and vegetation covariates

We treated owl territories as sampling units, where a territory had at
least one owl detection during diurnal hours in 23 years. For quantify-
ing habitat covariates within spotted owl territories, we first calculated
the geometric centre of each territory as the average spatial coordi-
nates of all nest and roost locations across all years in the territory.
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We then calculated the mean nearest neighbour distance among terri-
tory centres for each study area as the average distance between each
territory centre and the centre of its nearest neighbouring territory.
Thus, the location of owl territories was assumed to remain the same
throughout the study period, and territories in each study area were
assumed to be of equal size based on the nearest neighbour distance.
In a recent meta-analysis (Tempel et al., 2016), we defined the spatial
extent of a territory as a circle around each territory centre with a ra-
dius equal to half of the mean nearest neighbour distance. The result-
ing territory size for each study area decreased along a north-south
gradient: Lassen = 639.4 ha (1,427-m radius), Eldorado = 399.5 ha
(1,128-m radius), Sierra = 301.6 ha (980-m radius) and Sequoia-Kings
Canyon = 254.3 ha (900-m radius). This process nearly eliminated
spatial overlap among adjacent territory circles. In the present study,
we defined territories as hexagons instead of circles with areas and
geometric centres equal to those determined by Tempel et al. (2016)
to facilitate integration into concurrent projects using spatial popula-
tion models (e.g., HexSim; Schumaker, 2015).

We defined site-specific covariates based on two vegetation
variables within owl territories using the “GNN” (Gradient Nearest
Neighbour) forest structural maps produced by the Landscape
Ecology, Modeling, Mapping & Analysis (LEMMA) research group
(Oregon State University, Corvallis, OR, USA). GNN is an imputation
method used by LEMMA that integrates regional forest inventory
plots with Landsat imagery to produce fine-scale (30-m resolution)
and large-domain (currently the entire land area for the U.S. states of
Washington, Oregon and California) vegetation structure and species
composition maps. The GNN approach is one variation of nearest
neighbour imputation methods that use (1) a neighbourhood value of

Canopy cover (%)

Owl territory

k = 1 as the number of neighbours imputed to each cell and (2) direct
gradient analysis as the “distance” metric (see https:/lemma.forestry.
oregonstate.edu/methods). The first variable was the quadratic mean
diameter of dominant and codominant trees in each 30 x 30 m pixel
(“QMD_DOM"). Quadratic mean diameter (QMD) is a commonly used
metric in forestry that more strongly reflects the influence of large
trees on stand tree size classifications than arithmetic mean (Curtis &
Marshall, 2000). The second variable was the per cent canopy cover of
live trees in each pixel (“CANCOV”).

Large trees are a key feature of spotted owl nest sites (Gutiérrez
etal, 1992), and owl site occupancy has been positively correlated
with large trees (>61 cm dbh) and high canopy cover (>70%) at nest
areas (Blakesley, Noon, & Anderson, 2005). However, forests with in-
termediate canopy cover (40%-70%) can constitute spotted owl nest-
ing or roosting habitat if large, remnant trees are present (Hunter &
Bond, 2001; Moen & Gutiérrez, 1997), and recent work found that
both medium and high canopy cover were associated with spotted owl
occupancy in the Sierra Nevada (Jones, Gutiérrez, Tempel, Zuckerberg,
& Peery, 2016; Tempel, Gutiérrez, et al., 2014; Tempel et al., 2016).
Thus, we estimated the proportion of each owl territory containing
the following five covariates: large trees (QMD > 61 cm) regardless of
canopy cover class; high canopy cover (>70% cover) regardless of tree
size class; as well as the spatial intersection (n; see Figure 2) of large
trees and high canopy cover, large trees and medium canopy cover
(40%-70% cover), and medium trees (QMD = 30-61 cm) and high
canopy cover. These proportions were calculated by dividing the num-
ber of 30 x 30 m pixels in the territory for a particular variable by the
total number of 30 x 30 m pixels in the territory. Several of the pre-
dictor variables were highly collinear (e.g., r = .7-.9), so we developed

[ ] <a0%
B 40-70%
- >70%

Large trees and
high canopy cover

<30 cm
30-61 cm

>61cm

FIGURE 2 An example showing how we produced covariates representing spatial intersections between GNN-derived canopy cover and
tree size classes by overlaying classified pixels using a GIS. Here, we see the high canopy cover class (>70% canopy cover) and the large tree
size class (>61 cm dbh) combining in a spatial intersection (n) to produce a covariate called “large trees and high canopy cover” for an example
spotted owl territory. [Colour figure can be viewed at wileyonlinelibrary.com]
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models that contained a single predictor variable and used AIC to iden-
tify which predictor variables best explained owl extinction dynamics
(see below).

We adopted the above tree size classes because they are com-
monly used by foresters (Blakesley et al., 2005; Verner et al., 1992), al-
though the large old trees used by owls for nesting are typically larger
than 61 cm dbh (e.g., mean 157 cm dbh; North et al., 2000). Median
QMD in the >61 cm dbh size class was 75.5 cm and reached a max-
imum of 279 cm (Fig. S1). Finally, for each forest structure variable
listed above, we averaged the within-territory covariate values across
all years (1993-2011) to produce a single, static territory-level covari-
ate that varied across space (but was averaged over time), because
nearly all variation in the covariates was spatial rather than tempo-
ral (large among-territory differences). Ranges of covariate values for

each study area are provided in Table 1.

2.4 | Statistical analysis and model selection

We used multi-season occupancy models to assess territory occupancy
dynamics on each study area separately (Tempel et al., 2016) using
program preseNce 11.5. The models contained parameters for initial
occupancy (y,), local extinction (e,), local colonization (y,) and detec-
tion probability (ptvj) (MacKenzie, Nichols, Hines, Knutson, & Franklin,
2003). Our primary sampling periods (t) were breeding seasons (i.e.,
years), and our secondary sampling periods (j) were bimonthly periods
within each breeding season (April 1-15, April 16-30, etc.). No sur-
veys were conducted on SKC in 2005 so we fixed p, € and y for that
year to zero. We allowed colonization to vary as a year-specific effect
rather than a function of covariates because (1) colonization may be
related more to site availability than site conditions, and (2) we were
interested in factors associated with elevated extinction rates.

We used multi-stage modelling (Tempel et al., 2016). At each stage,
we ranked models using AIC (Burnham & Anderson, 2002) to select
the base model for the next stage. We first modelled p as a function
of the above forest structure covariates and within- and among-year

TABLE 1 Median (SD) proportion of a
spotted owl territory® containing GNN
structure variables used to assess local
extinction dynamics on four study areas
the Sierra Nevada, CA, USA. The number
of spotted owl territories identified on
each study area is shown in the bottom
row of the table

Variable
bin
Large trees®

High canopy cover?

cover

Large trees and medium

canopy cover

Medium trees and high canopy

cover

Large trees and high canopy

Diversity and Distributions

temporal trends (i.e., linear, log-linear or quadratic trends in p) while y
and ¢ varied by year. We then examined linear, logarithmic and qua-
dratic forms of covariates on y, while y and ¢ varied by year. Finally,
we examined the potential effects of covariates on & while y varied
by year, again considering linear, logarithmic and quadratic covariate
forms because previous owl studies showed evidence of non-linear re-
lationships (Dugger, Wagner, Anthony, & Olson, 2005; Forsman et al.,
2011). We used analysis of deviance to assess the amount of varia-
tion explained by model covariates. This approach compares deviance
explained by the covariates in a model with the amount of deviance
not explained by these covariates, thus providing an estimate of r? for
the model (Skalski, Hoffman, & Smith, 1993). The global model for the
analysis of deviance consisted of the top-ranked model for the given
study area with additional annual effects for €, and the constant model
consisted of the best detection structure with only and intercept for ¢
(Tempel et al., 2016).

We used the best p model from the first stage with year-specific
y and ¢ to obtain derived estimates of y, which we used to calculate
the geometric mean of the rate of change in occupancy (i) and esti-
mated the realized change in occupancy (4,) for each study area. We

calculated variance for % and A, using the delta method (Powell, 2007).

3 | RESULTS

We found that local extinction rates were higher when owl territories
contained less forest characterized by large trees (>61 cm dbh) and
high canopy cover (>70%), and extinction rates declined as this forest
type increased (Figure 3). Indeed, local extinction was best explained
by the proportion of an owl territory containing large tree/high can-
opy cover forest, as evidenced by the presence of this covariate in the
top models on three of the four study areas (ELD, SIE, SKC) having
nearly all (88%-97%) of AIC weight (Table S1). The top three models
for the fourth study area (LAS) were closely competing (within 1 AIC),
containing parameters for large trees only, large trees and high canopy

Study area

LAS ELD SIE SKC

0.07 (0.05) 0.11 (0.06) 0.13(0.11) 0.33(0.19)
0.46 (0.16) 0.54 (0.14) 0.25 (0.16) 0.48 (0.16)
0.03 (0.05) 0.06 (0.05) 0.04 (0.08) 0.19 (0.14)
0.02 (0.02) 0.02 (0.03) 0.05 (0.06) 0.10 (0.08)
0.28 (0.12) 0.32(0.09) 0.15(0.10) 0.18(0.12)
n=90 n=74 n=66 n=45

Territory areas (ha) for each study area were as follows: LAS (639.4), ELD (399.5), SIE (301.6) and SKC
(254.3) (Tempel et al., 2016).

bStudy area abbreviations: LAS = Lassen, ELD = Eldorado, SIE = Sierra, SKC = Sequoia-Kings Canyon.
‘Summed across all canopy cover classes.

dSummed across all tree size classes.
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FIGURE 3 The relationship between large tree/high canopy cover forest and spotted owl occupancy dynamics. The left column of panels
shows (1) the modelled relationship between spotted owl territory extinction probability and the proportion of an owl territory containing
forests with large trees and high canopy cover (x), where the solid coloured lines represent the modelled relationship and the dashed lines
represent 1 SE, plotted over the range of observed values, and (2) the distribution of values for x present on each study area, which are
represented by horizontal boxplots (corresponding to the x-axis). The right column of panels shows (1) annual estimates of derived occupancy
(solid circles) from a fully time-varying model (see Methods) on the primary (left) axis, where the solid line represents a linear trend to emphasize
population trajectories (see Table 2) over the 19-year study period, and (2) the median annual proportion of large tree/high canopy cover forest
(x; open circles) on the secondary (right) axis, where the dashed line represents a linear trend to emphasize that this variable did not decline

on national forests (three northernmost study areas, colored brown) over the 1993-2011 study period (also see Fig. S2). [Colour figure can be

viewed at wileyonlinelibrary.com]

cover, and high canopy cover only, respectively (Table S1), although
the coefficient estimate for the high canopy cover only model was
imprecise (Table S2).

No other models were competitive with the large tree/high canopy
cover model for any study area (all >5 AIC from top model; Tables S1
and S3). However, models containing other forest structural covari-
ates such as high canopy cover, medium trees and high canopy cover,
and large trees and medium canopy cover sometimes outperformed
the null model and yielded coefficient estimates with 95% confidence

intervals that did not overlap zero (Table S2), suggesting they may be
biologically meaningful. Analysis of deviance showed that the covari-
ate for large tree/high canopy cover forest explained 28%, 26%, 77%
and 53% of the variation in local extinction rates on LAS, ELD, SIE and
SKC, respectively.

The median proportion of an owl site containing large tree/high
canopy cover forest on national forests (LAS, ELD, SIE) was similar,
ranging from 0.03 to 0.06 (Table 1). These values corresponded with
higher predicted rates of local extinction (¢ = 0.06-0.074) and ongoing
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TABLE 2

USA
Study
area o B, By
LAS -2.35 [-2.74, -1.96] -10.58 [-18.68, -2.48] -
ELD -2.04 [-2.58, -1.50] -11.84 [-20.25, -3.43]¢
SIE -1.45[-1.82, -1.08] -26.24 [-36.28, -16.19] -
SKC -1.47 [-2.08, -0.87] -15.66 [-24.85, -6.47]

24.30 [1.86, 46.74]

Diversity and Distributions

Estimates® of model parameters® and occupancy trends® for California spotted owls on four study areas in the Sierra Nevada, CA,

A A,
0.853[0.720, 0.987]"

0.728 [0.601, 0.855]"

0.991[0.9827,0.9997] [ ]
[ ]
[ ]t
[ ]

0.983[0.9733,0.9918]
0.981[0.9717,0.9904]
1.005 [0.9997, 1.0105]

0.709 [0.583,0.834
1.096 [0.990, 1.202]*

Numbers in square brackets represent the lower and upper boundaries of 95% confidence intervals for the point estimate, which precedes the square

brackets.
b

cover.

« = intercept, B, = model coefficients for the variable (x) representing the proportion of a spotted owl territory containing large trees and high canopy

A= geometric mean of the annual rate of change in occupancy, A, = realized change in occupancy (y,/\y,) where k is the number of years in the study.
Symbols (t and *) following estimates and confidence intervals for A, indicate groups resulting from pairwise comparisons where estimates that share the
same symbol had A, estimates that were not statistically different from one another at the a = 0.05 level.

d
ﬁln(x)‘

occupancy declines according to estimates of the geometric mean
rate of change in occupancy (3\ < 1) and realized change in occupancy
(A < 1) over the period 1993-2011 (Table 2). By contrast, the median
proportion of large tree/high canopy cover forest within owl territo-
ries on national parks (SKC) was 0.19 (Table 1), which was associated
with much lower predicted extinction rates (e = 0.027) and stable oc-
cupancy (3» =1, A, = 1) (Figure 3, Table 2). Thus, extinction probability
at a “typical” owl territory was ~2.5 higher on average in national for-
ests (LAS, ELD, SIE) than national parks (SKC). A post-hoc comparison
showed that estimates of realized change in occupancy (Ak) for LAS,
ELD and SIE were not statistically different from one another, but all
were significantly lower than SKC (Table 2).

The extent of large trees/high canopy cover forest within owl
territories differed among study areas (F3’271 = 38.3, p <.01) and was
~4 times greater in national parks than in national forests on average
(Table 1). Furthermore, this forest type did not appear to decline within
owl territories on national forests over the study period (Figures 3
and S2), suggesting the considerable deficit of large tree/high canopy
cover forest on national forests may have resulted from historical (as
opposed to more recent) logging activities that selectively removed
very large old trees (Collins et al., in press; Laudenslayer & Darr, 1990;
McKelvey & Johnston, 1992; Stephens et al., 2015).

4 | DISCUSSION

4.1 | Extinction debt and restoration opportunities

Our work presents several key inferences suggesting ongoing declines
in spotted owl populations on national forests are consistent with an
extinction debt, or a legacy effect, resulting from logging of large trees
prior to the initiation of our study. First, we found that local extinc-
tion rates were consistently higher across a large bioregion (the Sierra
Nevada) when large tree/high canopy cover forest was less common
in owl territories. Second, large tree/high canopy cover forest was far
more common in owl territories on national parks (SKC), where large

trees have not been logged. Third, owl populations are declining on

all national forest study areas, which contain far less large tree/high
canopy cover forest in owl territories than national parks where the
owl population is stable. Fourth, although logging activities prior to
our study led to a deficit of large tree/high canopy forest on national
forests, no further declines in this forest type were observed from
1993 to 2011 (Fig. S2) while owl populations experienced long-term
declines over the same period. Together, these inferences suggest
that past large tree logging on national forests, which removed key
habitat elements for spotted owls, may have created an extinction
debt that led to contemporary owl declines long after policies were
enacted to protect large trees (Figure 3).

We note that other emerging threats to the spotted owl, such
as large, severe wildfires (Jones, Gutiérrez, Tempel, Whitmore et al.,
2016) and invasive barred owls (S. varia) (Wiens, Anthony, & Forsman,
2014) did not contribute to observed declines given that our study
areas did not experience significant severe fire or appreciable num-
bers of barred owls during the study period (Keane, 2017). Secondary
ingestion of anticoagulant rodenticides used to kill rodents on illegal
marijuana (Cannabis sp.) cultivations has been documented in fishers
(Pekania pennanti) and barred owls in the Sierra Nevada and north-
western California (Gabriel et al., 2012; Keane, 2017). However, we
know of no documented cases of exposure in spotted owls, and it is
currently unknown to what extent this stressor has contributed to ob-
served changes in spotted owl populations.

The concept of extinction debt is defined by the idea that individu-
als, populations or species can initially survive habitat change but later
become locally extirpated or experience declines without any further
habitat modification (Kuussaari et al., 2009). As such, it is important
to note that by identifying the potential presence of an extinction
debt in owl populations on national forests, our inferences do not sug-
gest that total population extinction is a foregone conclusion. On the
contrary, it is possible (or even likely) that spotted owl occupancy on
national forests will eventually reach a new, lower equilibrium once
the extinction debt is paid (Hylander & Ehrlén, 2013). In the present
study, we did not explore when the extinction debt might be paid off

(i.e., when the population will stop declining and persist at its new
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lower equilibrium level), nor did we attempt to identify an empirical
extinction threshold (i.e., the minimum amount of habitat required in
a territory for individuals to persist). Rather, we focused on identifying
potential mechanisms of extinction debt to guide more targeted con-
servation action (Hylander & Ehrlén, 2013).

An emerging conservation paradigm for degraded old-forest
ecosystems, and the many endangered species that inhabit them,
centres on restoring forest structure and function (Chazdon, 2008)
thereby increasing forest resilience to disturbance from fire, dis-
ease, and drought (Millar & Stephenson, 2015) and conserving
wildlife habitat over the long term (Tempel et al., 2015). The con-
sistent relationship we identified between spotted owl extinction
rates and large tree/high canopy cover forest across the latitudinal
range of the Sierra Nevada has significant implications for develop-
ing meaningful ecosystem restoration targets at bioregional scales
(Peery et al., 2017). In particular, high canopy cover is thought to
increase severe fire risk and spread by creating fuel continuity, yet
appears to be relatively more prevalent (when co-occurring with
large trees) within owl territories in national parks (SKC) that have
been subjected to restored, lower-severity frequent-fire regimes
for nearly half a century (van Wagtendonk, 2007). This indicates the
potential that increased prevalence of large tree/high canopy cover
forest types within owl territories in national forests may not be
incompatible with fire resistance/resilience while at the same time
providing conservation benefits to spotted owls.

The potential direct benefits to owls of increasing this forest type
may be considerable. Employing our models, increasing large tree/
high canopy cover forest from the median within-territory value of
0.03-0.06 to 0.10 (30-64 ha) on national forests reduced predicted
local extinction rates by 36%-79%. Increasing the median within-
territory value further to 0.20 (60-127 ha), similar to the median
value at SKC (0.19), reduced predicted extinction rates by 80%-98%.
Furthermore, because they are cornerstones of old-forest ecosystem
stability, greater prevalence of large trees within owl territories and
across the broader landscape probably would provide direct benefits
to both spotted owls and increase resilience of old-forest ecosystems
to emerging stressors.

Forests in national parks representing contemporary reference
landscapes generally contain less canopy cover and lower tree densi-
ties than fire-suppressed forests on average (Lydersen & North, 2012).
Why then do owl territories on national parks appear to contain con-
siderably more large tree/high canopy cover forest than their counter-
parts on national forests? First, although national forests may contain
higher densities of trees of all sizes, they contain significantly lower
densities of trees in the largest diameter (i.e.,, >91 cm dbh) (Collins
et al., in press) and height classes (>48 m) (North et al., 2017). Second,
forest patches characterized by both large trees and higher canopy
cover are not a product of fire suppression, but occurred historically
throughout Sierra Nevada forests within a diverse mosaic of forest
types in systems maintained by mixed-severity fire regimes (Hessburg
et al., 2016). Spotted owl territories likely contained disproportion-
ately more large trees and higher canopy cover than the broader for-
ested landscape because owls are known to select for these specific

features (Lahaye, Gutiérrez, & Call, 1997; Moen & Gutiérrez, 1997;
North et al., 2017).

While areas managed for multiple uses including resource ex-
traction (i.e., national forests) and protected areas serve different so-
cietal purposes and, for this reason and others, are unlikely to have
convergent forest structure and function, we can still learn important
lessons when protected areas contain stable populations of species
of conservation concern. For example, protected areas often form
refuges for ecosystems containing distinctive biological features such
as large old trees (Miller et al., 2016) and, therefore, they can act as
blueprints for ecological restoration (Boisramé, Thompson, Collins, &
Stephens, 2017). Furthermore, protected areas may contain tree sizes,
age structure and intact disturbance regimes (Lydersen & North, 2012)
characteristic of ecologically resilient landscapes (i.e., landscapes that
have the capacity to recover their ecological functioning following a
disturbance) and that more closely reflect species’ evolutionary en-
vironments (Moore, Covington, & Fulé, 1999). Thus, in certain cases,
protected areas might act as contemporary reference landscapes
(Collins et al., 2016; Meyer, 2015) to provide a frame of reference for
the goals of ecological restoration (White & Walker, 1997) for large
old trees and recovery of old-forest-associated species across differ-
ent land tenures.

Care should be taken, however, to acknowledge the potential lim-
itations of using national parks and other protected areas as contem-
porary reference landscapes to inform conservation action at broader
spatial scales. For example, protected areas do not necessarily rep-
resent a random sampling of area on the landscape, but instead are
often biased towards places that are less likely to face land conversion
pressures—areas characterized by higher elevations, steeper slopes
and greater distances to roads and cities (Joppa & Pfaff, 2009). In our
study, we treat Sequoia and Kings Canyon national parks (SKC) as a
contemporary reference landscape, yet it is also most southerly of all
study areas examined (Figure 3). This raises the question of whether
SKC can truly act as a reference, or if other fundamental differences
related to differences in latitude (e.g., climate or vegetation types)
could play a stronger role than past forest management on observed
dynamics of spotted owls.

While this is a possibility, we present several lines of evidence to
support our use of SKC as a contemporary reference landscape. First,
average temperatures and annual precipitation in SKC fell within the
range experienced by the other three more northerly studies (Franklin
et al., 2004). Second, mixed-conifer forests characterized primarily by
sugar pine (Pinus lambertiana), ponderosa pine (P. ponderosa) and in-
cense cedar (Calocedrus decurrens) were the dominant vegetation type
on all four study areas. While SKC did contain ten groves of giant se-
quoia (Sequoiadendron giganteum), these covered only 7% of the study
area (Tempel et al., 2016). Third, the two most southerly study areas,
SIE and SKC, occur immediately adjacent to one another in the south-
ern Sierra Nevada in a paired study design. Yet these two study areas
exhibit the largest differences in population trends according to esti-
mates of A and A, (Table 2), suggesting differences in trajectory may be
unrelated to underlying differences in climate or potential vegetation
type.
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4.2 | Global conservation of large trees and
forest policy

The case study presented here demonstrates globally informative
principles for old-forest species and large tree conservation. Notably,
our results are consistent with an extinction debt resulting from histor-
ical logging of large trees that yielded long-term declines in old-forest
species populations even after policies protecting large trees were en-
acted, highlighting an urgent need to protect existing old-forest habi-
tat and potential large tree refugia (Lindenmayer et al., 2014). Indeed,
national and international environmental legislation often do not em-
phasize the protection of large trees and old-forest ecosystems (e.g.,
the European Union Habitats Directive; EU, 1992).

Regional-scale plans to protect and restore old-forest ecosys-
tems allow exceptions to rules limiting removal of large old trees to
meet needs for equipment operability in forest restoration projects
(e.g., USFS, 2004), and the sale of larger trees is necessary to offset
operational costs of ecological restoration activities in heavily man-
aged or degraded forests ecosystems (North et al., 2015). Therefore,
alternative approaches for funding restoration may be required to
prevent further large tree loss, which may lead to ecosystem collapse
in landscapes with significant legacies of exploitive land use (Burns
et al., 2015; Lindenmayer, Messier, & Sato, 2016). Despite these global
challenges and conservation gaps, an emerging paradigm is to empha-
size highly targeted and fine-scale conservation of large old trees as
small (or sometimes individual) natural features (Lindenmayer, 2017).
Policies that emphasize the protection as well as the social and eco-
logical value of individual large old trees will offer a new hope for the
perpetuity of old-forest ecosystems and the increasingly rare biodiver-
sity that depends on them.

ACKNOWLEDGEMENTS

We thank S. M. Redpath, S. Britting, M. P. North and S. C. Sawyer
for providing comments on an earlier version of the manuscript; M.
G. Turner and B. Zuckerberg for helpful discussion that improved the
manuscript; and R. Gerrard for curating the GNN database used in
the analysis. The study was financially supported by USFS Region 5,
USFS Pacific Southwest Research Station, Sierra Nevada Adaptive
Management Project (SNAMP), US Fish and Wildlife Service, California
Department of Fish and Wildlife, California Department of Forestry
and Fire Protection, the Sierra Nevada Conservancy, the University
of Minnesota Agricultural Experiment Station and the University of
Wisconsin-Madison.

ORCID

Gavin M. Jones http://orcid.org/0000-0002-5102-1229

REFERENCES

Beesley, D. (1996). Reconstructing the landscape: An environmen-
tal history, 1820-1960. Sierra Nevada ecosystem project, Volume II:

Diversity and Distributions

Assessments and scientific basis for management options (pp. 3-24).
Davis, CA: University of California, Centers for Water and Wildland
Resources.

Bennett, A. C., McDowell, N. G., Allen, C. D., & Anderson-Teixeira, K. J.
(2015). Larger trees suffer most during drought in forests worldwide.
Nature Plants, 1, 15139. https://doi.org/10.1038/nplants.2015.139

Blakesley, J. A., Noon, B. R., & Anderson, D. R. (2005). Site occupancy,
apparent survival, and reproduction of California spotted owls in re-
lation to forest stand characteristics. Journal of Wildlife Management,
69, 1554-1564. https://doi.org/10.2193/0022-541X(2005)69[1554:S
OASAR]2.0.CO;2

Boisramé, G., Thompson, S., Collins, B. M., & Stephens, S. (2017).
Managed wildfire effects on forest resilience and water in the
Sierra Nevada. Ecosystems, 20, 717-732. https://doi.org/10.1007/
s10021-016-0048-1

Burnham, K. P,, & Anderson, D. R. (2002). Model selection and multimodel
inference: A practical information-theoretic approach. New York, NY:
Springer-Verlag.

Burns, E. L., Lindenmayer, D. B., Stein, J., Blanchard, W., McBurney, L.,
Blair, D., & Banks, S. C. (2015). Ecosystem assessment of moun-
tain ash forest in the Central Highlands of Victoria, south-eastern
Australia. Austral Ecology, 40, 386-399. https:/doi.org/10.1111/
aec.12200

Caughley, G. (1994). Directions in conservation biology. Journal of Animal
Ecology, 63, 215-244. https://doi.org/10.2307/5542

Chazdon, R. L. (2008). Beyond deforestation: Restoring forests and ecosys-
tem services on degraded lands. Science, 320, 1458-1460. https:/doi.
org/10.1126/science.1155365

Collins, B. M., Fry, D. L., Lydersen, J. M., Everett, R., & Stephens, S. L. (in
press). Impacts of different land management histories on forest
change. Ecological Applications, doi: 10.1002/eap.1622

Collins, B. M., Lydersen, J. M., Fry, D. L., Wilkin, K., Moody, T., & Stephens,
S. L. (2016). Variability in vegetation and surface fuels across mixed-
conifer-dominated landscapes with over 40 years of natural fire. Forest
Ecology and Management, 381, 74-83. https:/doi.org/10.1016/j.
foreco.2016.09.010

Conner, M. M,, Keane, J. J., Gallagher, C. V., Munton, T. E., & Shaklee, P.
A. (2016). Comparing estimates of population change from occupancy
and mark-recapture models for a territorial species. Ecosphere, 7,
e01538. https:/doi.org/10.1002/ecs2.1538

Curtis, R. P,, & Marshall, D. D. (2000). Why quadratic mean diameter?
Western Journal of Applied Forestry, 15, 137-139.

Dugger, K. M., Wagner, F., Anthony, R. G., & Olson, G. S. (2005). The re-
lationship between habitat characteristics and demographic perfor-
mance of northern spotted owls in southern Oregon. The Condor, 107,
863-878. https:/doi.org/10.1650/7824.1

EU (1992) Council Directive 92/43/EEC. The Conservation of Natural
Habitats and of Wild Fauna and Flora. Brussels: EU.

Forsman, E. D., Anthony, R. G., Dugger, K. M., Glenn, E. M., Franklin, A. B.,
White, G. C,, ... Sovern, S. G. (2011). Population demography of north-
ern spotted owls. Studies in Avian Biology, 40, 1-77.

Franklin, A. B., Gutiérrez, R. J., Nichols, J. D., Seamans, M. E., White, G.
C., Zimmerman, G. S., ... Britting, S. (2004). Population dynam-
ics of the California spotted owl (Strix occidentalis occidentalis):
A meta-analysis. Ornithological Monographs, 54, 1-54. https:/doi.
org/10.2307/40166799

Gabriel, M. W., Woods, L. W., Poppenga, R., Sweitzer, R. A., Thompson, C.,
Matthews, S. M., ... Clifford, D. L. (2012). Anticoagulant rodenticides on
our public and community lands: Spatial distribution of exposure and
poisoning of a rare forest carnivore. PLoS ONE, 7, e40163. https://doi.
org/10.1371/journal.pone.0040163

Green, R. E. (1995). Diagosing causes of bird population declines. Ibis, 137,
S47-S55.

Gutiérrez, R. J., Verner, J., McKelvey, K. S., Noon, B. R,, Steger, G., Call, D. R.,
... Senser, J. S. (1992). Habitat relations of the California spotted owl.


http://orcid.org/0000-0002-5102-1229
http://orcid.org/0000-0002-5102-1229
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.2193/0022-541X(2005)69[1554:SOASAR]2.0.CO;2
https://doi.org/10.2193/0022-541X(2005)69[1554:SOASAR]2.0.CO;2
https://doi.org/10.1007/s10021-016-0048-1
https://doi.org/10.1007/s10021-016-0048-1
https://doi.org/10.1111/aec.12200
https://doi.org/10.1111/aec.12200
https://doi.org/10.2307/5542
https://doi.org/10.1126/science.1155365
https://doi.org/10.1126/science.1155365
https://doi.org/10.1002/eap.1622
https://doi.org/10.1016/j.foreco.2016.09.010
https://doi.org/10.1016/j.foreco.2016.09.010
https://doi.org/10.1002/ecs2.1538
https://doi.org/10.1650/7824.1
https://doi.org/10.2307/40166799
https://doi.org/10.2307/40166799
https://doi.org/10.1371/journal.pone.0040163
https://doi.org/10.1371/journal.pone.0040163

JONES ET AL

ﬂl—Wl | SA %4 Diversity and Distributions

In J. Verner, K. S. McKelvey, B. R. Noon, R. Gutiérrez, G. |. Gould Jr, &
T. W. Beck (Eds.), The California spotted owl: A technical assessment of its
current status (pp. 79-98). Albany, CA: US Department of Agriculture,
Forest Service, Pacific Southwest Research Station PSW-GTR-133.
https://doi.org/10.2737/PSW-GTR-133

Hessburg, P. F., Spies, T. A., Perry, D. A., Skinner, C. N., Taylor, A. H., Brown,
P. M., ... Riegel, G. (2016). Tamm review: Management of mixed-
severity fire regime forests in Oregon, Washington, and Northern
California. Forest Ecology and Management, 366, 221-250. https://doi.
org/10.1016/j.foreco.2016.01.034

Hunter, J. E., & Bond, M. L. (2001). Residual trees: Wildlife associations and
recommendations. Wildlife Society Bulletin, 29, 995-999.

Hylander, K., & Ehrlén, J. (2013). The mechanisms causing extinction debts.
Trends in Ecology and Evolution, 28, 341-346. https://doi.org/10.1016/j.
tree.2013.01.010

Jones, G. M., Gutiérrez, R. J., Tempel, D. J., Whitmore, S. A., Berigan, W.
J., & Peery, M. Z. (2016). Megafires: An emerging threat to old-forest
species. Frontiers in Ecology and the Environment, 14, 300-306. https:/
doi.org/10.1002/fee.1298

Jones, G. M,, Gutiérrez, R. J., Tempel, D. J., Zuckerberg, B., & Peery, M.
Z. (2016). Using dynamic occupancy models to inform climate change
adaptation strategies for California spotted owls. Journal of Applied
Ecology, 53, 895-905. https://doi.org/10.1111/1365-2664.12600

Joppa, L. N., & Pfaff, A. (2009). High and far: Biases in the location of pro-
tected areas. PLoS ONE, 4, e8273. https://doi.org/10.1371/journal.
pone.0008273

Keane, J. J. (2017). Threats to the viability of California spotted owls. In R.
J. Gutierrez, P. N. Manley, & P. A. Stine (Eds.), The California spotted owl:
Current state of knowledge (pp. 185-238). Albany, CA: US Department
of Agriculture, Forest Service, Pacific Southwest Research Station
PSW-GTR-254.

Kuussaari, M., Bommarco, R., Heikkinen, R. K., Helm, A., Krauss, J., Lindborg,
R., ... Steffan-Dewenter, I. (2009). Extinction debt: A challenge for bio-
diversity conservation. Trends in Ecology and Evolution, 24, 564-571.
https://doi.org/10.1016/j.tree.2009.04.011

Lahaye, W. S., Gutiérrez, R. J., & Call, D. R. (1997). Nest-site selection and
reproductive success of California spotted owls. The Wilson Bulletin,
109, 42-51.

Laudenslayer, W. F. J., & Darr, H. H. (1990). Historical effects of log-
ging on the forests of the Cascade and Sierra Nevada ranges of
California. Transactions of the Western Section of the Wildlife Society, 26,
12-23.

Laurance, W. F,, Sayer, J., & Cassman, K. G. (2014). Agricultural expansion
and its impacts on tropical nature. Trends in Ecology and Evolution, 29,
107-116. https://doi.org/10.1016/j.tree.2013.12.001

Lindenmayer, D. B. (2017). Conserving large old trees as small natural fea-
tures. Biological Conservation, 211, 51-59. https://doi.org/10.1016/j.
biocon.2016.11.012

Lindenmayer, D. B., Blair, D., McBurney, L., Banks, S. C., Stein, J. A. R,,
Hobbs, R. J., ... Franklin, J. F. (2013). Principles and practices for bio-
diversity conservation and restoration forestry: A 30 year case study
on the Victorian montane ash forests and the critically endangered
Leadbeater’s Possum. Australian Zoologist, 36, 441-460. https://doi.
org/10.7882/AZ.2013.007

Lindenmayer, D. B., & Laurance, W. F. (2016). The unique challenges of
conserving large old trees. Trends in Ecology and Evolution, 31,416-418.
https://doi.org/10.1016/j.tree.2016.03.003

Lindenmayer, D. B., & Laurance, W. F. (2017). The ecology, distribution,
conservation and management of large old trees. Biological Reviews, 92,
1434-1458. https://doi.org/10.1111/brv.12290

Lindenmayer, D. B., Laurance, W. F., & Franklin, J. F. (2012). Global decline
in large old trees. Science, 338, 1305-1306. https:/doi.org/10.1126/
science.1231070

Lindenmayer, D. B., Laurance, W. F,, Franklin, J. F,, Likens, G. E., Banks, S.
C., Blanchard, W, ... Stein, J. A. R. (2014). New policies for old trees:

Averting a global crisis in a keystone ecological structure. Conservation
Letters, 7, 61-69. https://doi.org/10.1111/conl.12013

Lindenmayer, D., Messier, C., & Sato, C. (2016). Avoiding ecosystem col-
lapse in managed forest ecosystems. Frontiers in Ecology and the
Environment, 14, 561-568. https:/doi.org/10.1002/fee.1434

Lydersen, J. M., & North, M. P. (2012). Topographic variation in structure
of mixed-conifer forests under an active-fire regime. Ecosystems, 15,
1134-1146. https://doi.org/10.1007/s10021-012-9573-8

MacKenzie, D. I., Nichols, J. D., Hines, J. E., Knutson, M. G., & Franklin,
A. B. (2003). Estimating site occupancy, colonization, and local extinc-
tion when a species is detected imperfectly. Ecology, 84, 2200-2207.
https://doi.org/10.1890/02-3090

Mclntyre, P. J., Thorne, J. H., Dolanc, C. R, Flint, A. L., Flint, L. E., Kelly, M.,
& Ackerly, D. D. (2015). Twentieth-century shifts in forest structure in
California: Denser forests, smaller trees, and increased dominance of
oaks. Proceedings of the National Academy of Sciences of the United States
of America, 112, 1458-63. https://doi.org/10.1073/pnas.1410186112

McKelvey, K. S., & Johnston, J. D. (1992). Historical perspectives on forests
of the Sierra Nevada and the Transverse Ranges of Southern California:
Forest conditions at the turn of the century. In J. Verner, K. S. Mckelvey,
B.R. Noon, R. Gutiérrez, G. |. Gould Jr, & T. W. Beck (Eds.), The California
spotted owl: A technical assessment of its current status (pp. 225-246).
Albany, CA: US Department of Agriculture, Forest Service, Pacific
Southwest Research Station PSW-GTR-133. https:/doi.org/10.2737/
PSW-GTR-133

Meyer, M. D. (2015). Forest fire severity patterns of resource objective
wildfires in the southern Sierra Nevada. Journal of Forestry, 113, 49-56.
https://doi.org/10.5849/jof.14-084

Millar, C. I., & Stephenson, N. L. (2015). Temperate forest health in an era
of emerging megadisturbance. Science, 349, 823-826. https:/doi.
org/10.1126/science.aaa?933

Miller, K. M., Dieffenbach, F. W., Campbell, J. P,, Cass, W. B., Comiskey, J.
A., Matthews, E. R,, ... Weed, A. S. (2016). National parks in the eastern
United States harbor important older forest structure compared with
matrix forests. Ecosphere, 7, €01404. https://doi.org/10.1002/ecs2.1404

Moen, C. A, & Gutiérrez, R. J. (1997). California spotted owl habitat selec-
tion in the central Sierra Nevada. The Journal of Wildlife Management,
61,1281-1287. https://doi.org/10.2307/3802127

Moore, M. M., Covington, W. W., & Fulé, P. Z. (1999). Reference condi-
tions and ecological restoration: A southwestern ponderosa pine
perspective. Ecological Applications, 9, 1266-1277. https:/doi.
org/10.1890/1051-0761(1999)009[1266:RCAERA]2.0.CO;2

Noon, B. R., & Blakesley, J. A. (2006). Conservation of the northern spotted
owl under the Northwest Forest Plan. Conservation Biology, 20, 288-
296. https://doi.org/10.1111/j.1523-1739.2006.00387.x

North, M. P,, Brough, A., Long, J., Collins, B. M., Bowden, P, Yasuda, D, ...
Sugihara, N. (2015). Constraints on mechanized treatment significantly
limit mechanical fuels reduction extent in the Sierra Nevada. Journal of
Forestry, 113, 40-48. https://doi.org/10.5849/jof.14-058

North, M. P, Kane, J. T., Kane, V. R., Asner, G. P., Berigan, W., Churchill, D.
J., ... Whitmore, S. (2017). Cover of tall trees best predicts California
spotted owl habitat. Forest Ecology and Management, 405, 166-178.
https://doi.org/10.1016/j.foreco.2017.09.019

North, M. P, Steger, G., Denton, R., Eberlein, G. P., Munton, T., & Johnson, K.
(2000). Association of weather and nest-site structure with reproduc-
tive success in California spotted owls. Journal of Wildlife Management,
64,797-807. https://doi.org/10.2307/3802750

Oreskes, N., & Conway, E. M. (2010). Merchants of doubt: How a handful of
scientists obscured the truth on issues from tobacco smoke to global warm-
ing. New York, NY: Bloomsbury Press.

Peery, M. Z., Beissinger, S. R, Newman, S. H., Burkett, E. B, &
Williams, T. D. (2004). Applying the declining population para-
digm: Diagnosing causes of poor reproduction in the Marbled
Murrelet. Conservation Biology, 18, 1088-1098. https://doi.
org/10.1111/j.1523-1739.2004.00134.x


https://doi.org/10.2737/PSW-GTR-133
https://doi.org/10.1016/j.foreco.2016.01.034
https://doi.org/10.1016/j.foreco.2016.01.034
https://doi.org/10.1016/j.tree.2013.01.010
https://doi.org/10.1016/j.tree.2013.01.010
https://doi.org/10.1002/fee.1298
https://doi.org/10.1002/fee.1298
https://doi.org/10.1111/1365-2664.12600
https://doi.org/10.1371/journal.pone.0008273
https://doi.org/10.1371/journal.pone.0008273
https://doi.org/10.1016/j.tree.2009.04.011
https://doi.org/10.1016/j.tree.2013.12.001
https://doi.org/10.1016/j.biocon.2016.11.012
https://doi.org/10.1016/j.biocon.2016.11.012
https://doi.org/10.7882/AZ.2013.007
https://doi.org/10.7882/AZ.2013.007
https://doi.org/10.1016/j.tree.2016.03.003
https://doi.org/10.1111/brv.12290
https://doi.org/10.1126/science.1231070
https://doi.org/10.1126/science.1231070
https://doi.org/10.1111/conl.12013
https://doi.org/10.1002/fee.1434
https://doi.org/10.1007/s10021-012-9573-8
https://doi.org/10.1890/02-3090
https://doi.org/10.1073/pnas.1410186112
https://doi.org/10.2737/PSW-GTR-133
https://doi.org/10.2737/PSW-GTR-133
https://doi.org/10.5849/jof.14-084
https://doi.org/10.1126/science.aaa9933
https://doi.org/10.1126/science.aaa9933
https://doi.org/10.1002/ecs2.1404
https://doi.org/10.2307/3802127
https://doi.org/10.1890/1051-0761(1999)009[1266:RCAERA]2.0.CO;2
https://doi.org/10.1890/1051-0761(1999)009[1266:RCAERA]2.0.CO;2
https://doi.org/10.1111/j.1523-1739.2006.00387.x
https://doi.org/10.5849/jof.14-058
https://doi.org/10.1016/j.foreco.2017.09.019
https://doi.org/10.2307/3802750
https://doi.org/10.1111/j.1523-1739.2004.00134.x
https://doi.org/10.1111/j.1523-1739.2004.00134.x

JONES €T AL

Peery, M. Z., Manley, P. N., Stine, P. A., North, M. P, Gutiérrez, R. J., Manley,
P. N, ... North, M. P. (2017). Synthesis and interpretation of California
spotted owl research within the context of public forest management.
In R. J. Gutiérrez, P. N. Manley, & P. A. Stine (Eds.), The California spot-
ted owl: Current state of knowledge (pp. 263-291). Albany, CA: US
Department of Agriculture, Forest Service, Pacific Southwest Research
Station GTR-PSW-254.

Powell, L. A. (2007). Approximating variance of demographic parameters
using the delta method: A reference for avian biologists. The Condor,
109, 949-954. https:/doi.org/10.1650/0010-5422(2007)109[949:
AVODPU]2.0.CO;2

Raphael, M. G. (2006). Conservation of the marbled murrelet under the
Northwest Forest Plan. Conservation Biology, 20, 297-305. https://doi.
org/10.1111/j.1523-1739.2006.00382.x

Safford, H. D., & Stevens, J. T. (2016). Natural range of variation for yel-
low pine and mixed-conifer forests in the Sierra Nevada, southern
Cascades, and Modoc and Inyo National Forests, California, USA. Gen.
Tech. Rep. PSW-GTR-256. Albany, CA: U.S. Department of Agriculture,
Forest Service, Pacific Southwest Research Station. 229 p.

Schumaker, N. H. (2015). HexSim. Retrieved from www.hexsim.net.

Simberloff, D. (1998). Flagships, umbrellas, and keystones: Is single-species
management passe in the landscape era? Biological Conservation, 83,
247-257. https://doi.org/10.1016/S0006-3207(97)00081-5

Skalski, J. R., Hoffman, A., & Smith, S. G. (1993). Testing the significance of
individual- and cohort-level covariates in animal survival studies. In J.-
D. Lebreton, & P. M. North (Eds.), Marked individuals in the study of bird
populations (pp. 9-28). Basel, Switzerland: Birkhauser Verlag.

Slaght, J. C., Surmach, S. G., & Gutiérrez, R. J. (2013). Riparian old-growth
forests provide critical nesting and foraging habitat for Blakiston's
fish owl Bubo blakistoni in Russia. Oryx, 47, 553-560. https:/doi.
org/10.1017/50030605312000956

Stephens, S. L., Lydersen, J. M., Collins, B. M., Fry, D. L., & Meyer, M. D.
(2015). Historical and current landscape-scale ponderosa pine and
mixed conifer forest structure in the Southern Sierra Nevada. Ecosphere,
6, art79. https://doi.org/10.1890/ES14-00379.1

Tempel, D. J., & Gutiérrez, R. J. (2013). Relation between occupancy
and abundance for a territorial species, the California spotted owl.
Conservation Biology, 27, 1087-1095. https:/doi.org/10.1111/
cobi.12074

Tempel, D. J., Gutiérrez, R. J., Battles, J. J., Fry, D. L., Su, Y., Guo, Q., ...
Stephens, S. L. (2015). Evaluating short-and long-term impacts of fuels
treatments and simulated wildfire on an old-forest species. Ecosphere,
6, art261. https://doi.org/10.1890/ES15-00234.1

Tempel, D. J., Gutiérrez, R. J., Whitmore, S. A., Reetz, M. J., Stoelting, R.
E., Berigan, W.,, ... Peery, M. Z. (2014). Effects of forest management
on California spotted owls: Implications for reducing wildfire risk in
fire-prone forests. Ecological Applications, 24, 2089-2106. https:/doi.
org/10.1890/13-2192.1

Tempel, D. J., Keane, J. J., Gutiérrez, R. J., Wolfe, J. D., Jones, G. M.,
Koltunov, A, ... Peery, M. Z. (2016). Meta-analysis of California spot-
ted owl (Strix occidentalis occidentalis) territory occupancy in the
Sierra Nevada: habitat associations and their implications for for-
est managment. Condor, 118, 747-765. https://doi.org/10.1650/
CONDOR-16-66.1

Tempel, D. J., Peery, M. Z., & Gutiérrez, R. J. (2014). Using integrated pop-
ulation models to improve conservation monitoring: California spot-
ted owls as a case study. Ecological Modelling, 289, 86-95. https:/doi.
org/10.1016/j.ecolmodel.2014.07.005

Thomas, J. W. (2008). From the management of single species to ecosystem
management. In T. E. Fulbright, & D. G. Hewitt (Eds.), Wildlife science:
Linking ecological theory and management practice (pp. 225-239). Boca
Raton, FL: CRC Press.

Diversity and Distributions

USFS (2004). Sierra Nevada Forest Plan Amendment - final supplemental
environmental impact statement. 72pp.

van Wagtendonk, J. W. (2007). The history and evolution of wildland fire
use. Fire Ecology, 3, 3-17. https:/doi.org/10.4996/fireecology

Verner, J., McKelvey, K. S., Noon, B. R, Gutiérrez, R. J., Gould, G. I. Jr, &
Beck, T. W. (1992). Assessment of the current status of the California
spotted owl, with recommendations for management. In J. Verner,
K. S. Mckelvey, B. R. Noon, R. Gutiérrez, G. |. Gould Jr, & T. W. Beck
(Eds.), The California spotted owl: A technical assessment of its current
status (pp. 3-26). Albany, CA: US Department of Agriculture, Forest
Service, Pacific Southwest Research Station GTR-PSW-133. https:/
doi.org/10.2737/PSW-GTR-133

Webb, J. K., Brook, B. W., & Shine, R. (2002). What makes a spe-
cies vulnerable to extinction? Comparative life-history traits of
two sympatric snakes. Ecological Research, 17, 59-67. https:/doi.
org/10.1046/j.1440-1703.2002.00463.x

Westerling, A. L. (2016). Increasing western US forest wildfire activity:
Sensitivity to changes in the timing of Spring. Philosophical Transactions
of the Royal Society of London. Series B, Biological Sciences, 371,
20150178. https://doi.org/10.1098/rstb.2015.0178

White, P. S., & Walker, J. L. (1997). Approximating nature’'s vari-
ation: Selecting and using reference information in resto-
ration ecology. Restoration Ecology, 5, 338-349. https:/doi.
org/10.1046/j.1526-100X.1997.00547 .x

Wich, S. A., Singleton, I., Utami-Atmoko, S. S., Geurts, M. L., Rijksen, H.
D., & van Schaik, C. P. (2003). The status of the Sumatran orang-utan
Pongo abelii: An update. Oryx, 37, 49-54.

Wiens, J. D., Anthony, R. G., & Forsman, E. D. (2014). Competitive inter-
actions and resource partitioning between northern spotted owls
and barred owls in western Oregon. Wildlife Monographs, 185, 1-50.
https:/doi.org/10.1002/wmon.1009

BIOSKETCH

Gavin M. Jones is a graduate student in the Department of
Forest & Wildlife Ecology at the University of Wisconsin-
Madison. His research broadly focuses on developing
ecological models that inform management decisions and

improve conservation outcomes.

Author contributions: G.M.J., JJK. R.J.G. and M.Z.P. con-
ceived the ideas; J.J.K,, RJ.G. and M.Z.P. acquired funding for
data collection; G.M.J. analysed the data; G.M.J. wrote the
article; J.J.K,, RJ.G. and M.Z.P. provided feedback on drafts.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the
supporting information tab for this article.

How to cite this article: Jones GM, Keane JJ, Gutiérrez RJ, Peery
MZ. Declining old-forest species as a legacy of large trees lost.
Divers Distrib. 2018;24:341-351. https://doi.org/10.1111/
ddi.12682



https://doi.org/10.1650/0010-5422(2007)109[949:AVODPU]2.0.CO;2
https://doi.org/10.1650/0010-5422(2007)109[949:AVODPU]2.0.CO;2
https://doi.org/10.1111/j.1523-1739.2006.00382.x
https://doi.org/10.1111/j.1523-1739.2006.00382.x
http://www.hexsim.net
https://doi.org/10.1016/S0006-3207(97)00081-5
https://doi.org/10.1017/S0030605312000956
https://doi.org/10.1017/S0030605312000956
https://doi.org/10.1890/ES14-00379.1
https://doi.org/10.1111/cobi.12074
https://doi.org/10.1111/cobi.12074
https://doi.org/10.1890/ES15-00234.1
https://doi.org/10.1890/13-2192.1
https://doi.org/10.1890/13-2192.1
https://doi.org/10.1650/CONDOR-16-66.1
https://doi.org/10.1650/CONDOR-16-66.1
https://doi.org/10.1016/j.ecolmodel.2014.07.005
https://doi.org/10.1016/j.ecolmodel.2014.07.005
https://doi.org/10.4996/fireecology
https://doi.org/10.2737/PSW-GTR-133
https://doi.org/10.2737/PSW-GTR-133
https://doi.org/10.1046/j.1440-1703.2002.00463.x
https://doi.org/10.1046/j.1440-1703.2002.00463.x
https://doi.org/10.1098/rstb.2015.0178
https://doi.org/10.1046/j.1526-100X.1997.00547.x
https://doi.org/10.1046/j.1526-100X.1997.00547.x
https://doi.org/10.1002/wmon.1009
https://doi.org/10.1111/ddi.12682
https://doi.org/10.1111/ddi.12682

