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SPOTTED OWLS, FOREST FRAGMENTATION, AND 
FOREST HETEROGENEITY 

ALAN B. FRANKLIN AND R. J. GUTI~RREZ 

Abstract. The Spotted Owl (Strix occidentalis) has been a focal species in the United States in terms 
of loss and fragmentation of old coniferous forests. Past research has shown a strong association 
between Spotted Owls and old coniferous forests. Thus, these vegetation types are considered syn- 
onymous with Spotted Owl habitat. Past fragmentation of old coniferous forests in the Pacific North- 
west, the Sierra Nevada, southern California, and the Southwest has resulted from natural disturbance 
(e.g., fire), edaphic conditions, and timber harvesting. These processes have occurred at different rates 
and levels. We reviewed the existing literature on the effects of forest fragmentation and heterogeneity 
on Spotted Owls at three different scales: a range-wide scale where once-connected populations have 
been isolated from each other, a population scale where populations with different fragmentation 
regimes have different demographics, and a territory scale where individuals occupying territories with 
different fragmentation regimes have different fitness. Studies at the range-wide scale have concen- 
trated on processes, such as juvenile dispersal. There are no published studies on the effects of frag- 
mentation or heterogeneity at the population scale, although the potential exists for examining those 
effects with current studies. Lack of empirical data on the effects of fragmentation on Spotted Owls 
led to the development of spatially-explicit simulation models as an aid to reserve design for this 
species. In addition, some populations of Spotted Owls are naturally disjunct at the range-wide scale. 
Most empirical studies have concentrated on the territory scale, and most of those studies have ex- 
amined the effects of fragmentation and heterogeneity on occupancy. We attempted a simple meta- 
analysis using effect sizes estimated from these studies. However, this analysis was hampered by lack 
of replicated studies among subspecies and among provinces within subspecies. In addition, studies 
did not use similar metrics to describe fragmentation and heterogeneity. Thus, empirical studies fol- 
lowing simulation models are equivocal in their conclusions. Many questions remain unanswered 
concerning the effects of forest fragmentation and heterogeneity on Spotted Owls. We provide a set 
of key questions that need to be addressed to better understand the effects of fragmentation and 
heterogeneity on Spotted Owls. We also suggest that future research concentrate on understanding 
natural disturbance regimes and the extent to which timber harvesting is compensatory or additive to 
natural disturbance regimes. Research on the effects of fragmentation on Spotted Owls should also 
include alternative hypotheses that some levels of fragmentation and/or heterogeneity may benefit 
Spotted Owl populations. 
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The Spotted Owl (Strix occidentalis) occurs in these forests are characterized by an overstory 
the western United States, Canada, and Mexico, of large (~52 cm dbh) conifers, with a multi- 
and is comprised of three subspecies: the North- 
ern Spotted Owl (S. o. caurirza), the California 
Spotted Owl (S. o. occidentalis), and the Mexi- 
can Spotted Owl (S. o. Zucidu) (GutiCrrez et al. 
1995; Fig. 1). All three subspecies have similar 
life-history characteristics, with high adult sur- 
vival, low juvenile survival, and low reproduc- 
tion (LaHaye et al. 1992, Noon et al. 1992, 
White et al. 199.5, Forsman et al. 1996, Seamans 
et al. 1999). 

Habitat associations of Spotted Owls are var- 
iable across and within subspecies. However, all 
three subspecies have a strong association with 
older forests for nesting, roosting, and foraging 
(Forsman et al. 1984, Carey et al. 1990, Solis 
and GutiCrrez 1990, Call et al. 1992, GutiCrrez 
et al. 1992; Buchanan et al. 1993, 1995; Ganey 
and Balda 1994, Seamans and GutiCrrez 1995, 
Forsman and Giese 1997, LaHaye et al. 1997, 
Steger et al. 1997, Hershey 1998, Young et al. 
1998, LaHaye and GutiCrrez 1999). In general, 

layered understory of conifers and/or hardwood 
trees and shrubs, and decadence in the form of 
snags and coarse woody debris. These associa- 
tion have been documented at several scales (see 
reviews in GutiCrrez et al. 1992, 1995; Ganey 
and Dick 1995). However, there are exceptions 
to the association of Spotted Owls with old co- 
niferous forests. Mexican Spotted Owls are 
found in both old forests and in steep, incised 
canyon systems with little or no forest cover 
(Rinkevich and GutiCrrez 1996, Ganey and Dick 
1995). Nevertheless, the majority of Mexican 
Spotted Owl populations are found in areas con- 
taining older coniferous forests where they 
strongly associate with these forests (Ward et al. 
1995, Ganey and Dick 1995). In addition, owls 
frequently inhabit previously logged conifer for- 
ests or oak (Quercus spp.) forests (GutiCrrez et 
al. 1992, Folliard 1993). In these latter two sit- 
uations, residual old trees are often present, the 
current forest has structural characters similar to 
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FIGURE I. Geographic distribution of three subspe- 
cies of Spotted Owl (Strix occidentalis). Regions 
shown for Northern Spotted Owl are from Agee and 
Edmonds ( 1992). 

old forests, and/or microclimates are modified 

by marine climates or streams. 
In addition to differences between subspecies, 

there are subtle differences in forests used by 
Spotted Owls within subspecies. For example, 
Northern Spotted Owls are found in forests com- 
posed almost purely of conifers in their northern 
range. However, in the southern extent of their 
range many hardwood species dominate the 
mid- and understories while conifers still domi- 
nate the overstory. Despite these and other ex- 
ceptions, it is generally believed that Spotted 
Owls associate with older coniferous forests and 
that these forests provide some key elements for 
their survival and reproduction. 

Both the Northern and Mexican subspecies 
were listed as threatened under the Endangered 
Species Act of the United States (U.S. Fish and 
Wildlife Service 1990, 1993). One criterion that 
led to listing was habitat loss and fragmentation 
due to logging and forest management. Existing 
scientific information at the time of the listing 
of these two subspecies suggested that these 
owls were dependant on interior older forest for 
foraging, roosting, and nesting. Another criteri- 
on was the failure of existing regulatory mech- 

anisms to control loss and fragmentation of old- 
er coniferous forest (U.S. Fish and Wildlife Ser- 
vice 1990, 1993). For similar reasons, the Cali- 
fornia subspecies was recently petitioned for 
listing (Center for Biological Diversity 2OtXI). 

In this paper, we first review the concepts of 
fragmentation and heterogeneity as they apply 
to Spotted Owls. Then, we review simulation 
models developed to facilitate conservation 
strategies. Next, we review the existing evidence 
on the effects of habitat fragmentation on pop- 

ulation processes in the three subspecies of 
Spotted Owls. In particular, we examine habitat 
fragmentation at three scales: range-wide, pop- 
ulation, and territory. The range-wide scale en- 
compasses the geographic range of each subspe- 
cies. Habitat fragmentation at this scale may af- 
fect meta-population dynamics and gene flow 
between sub-populations (Gutierrez and Harri- 
son 1996). The population scale is nested within 
the range-wide scale. Habitat connectivity is de- 
termined by the dispersal ability of young Spot- 
ted Owls and local movements of individuals 
between territories. Potential source-sink popu- 
lation dynamics will be affected by habitat frag- 
mentation and these effects are measurable by 
variation in rates of population change within 
populations. The final scale we consider is at the 
territory level. At this scale, the ability of indi- 
vidual territory holders to move across their ter- 
ritories may be affected by connectivity between 
blocks of habitat within individual territories. 
Effects of fragmentation will be expressed in 
terms of reproductive output and survival of in- 
dividuals, and by inter-specific interactions such 
as competition, predation, and hybridization. 
Clearly, these scales overlap across the three cat- 
egories (range-wide, population, and territory) 
that we examined. However, most studies on 
Spotted Owls encompass one or more of these 
three scales. 

FRAGMENTATION, HETEROGENEITY, 
AND SPOT-I-ED OWL HABITAT 

Mature and old-growth forests are considered 
synonymous with Spotted Owl habitat. Thus, 
fragmentation of these forests is considered hab- 
itat fragmentation for Spotted Owls. Using the 
definition of Franklin et al. (this volume), habitat 
fragmentation occurs when habitat becomes dis- 
continuous such that changes occur in popula- 
tion processes. For example, it is unlikely that 
road cuts (small-scale fragmentation) affects 
Spotted Owls to the same degree as large cata- 
strophic fires or clearcuts. As Franklin et al. (this 
volume) point out, habitat fragmentation is es- 
sentially a binary outcome (habitat versus non- 
habitat) whereas heterogeneity is a multi-state 
outcome. In the context of the scales discussed 
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FIGURE 2. Two hypothetical scenarios in patterns of habitat fragmentation in Spotted Owls: (a) older forest 
alone is considered Spotted Owl habitat, and (b) older forest in some combination with younger forest is 
considered Spotted 041 habitat. 

in this paper, forest heterogeneity is the diversity 
of vegetation types and seral stages within a giv- 
en area. 

For older forests to be synonymous with Spot- 
ted Owl habitat, these forests must provide the 
requisite resources and conditions that promote 
occupancy and allow individuals to survive and 
reproduce (see definitions in Franklin et al. this 
volume). However, there is evidence that other 
vegetation types may also contribute to Spotted 
Owl habitat. This evidence is mostly indirect 
and relates to abundances of Spotted Owl prey 
in different vegetation types (Rosenberg and An- 
thony 1992, Williams et al. 1992, Carey and 
Peeler 1995, Ward and Block 1995, Zabel et al. 
1995, Sureda and Morrison 1998, Ward et al. 
1998). Thus, ecotones between older forest and 
other seral stages may contribute to Spotted Owl 
habitat, an idea that we will explore further (see 
HABITAT FRAGMENTATION AT THE TERRITORY 
SCALE below). 

If other seral stages contribute to Spotted Owl 
habitat as suggested above, then some conver- 
sion of older forest to younger seral stages does 
not necessarily represent habitat fragmentation 
for Spotted Owls. For example, assume a distri- 
bution of old forest shown in Figure 2 prior to 
disturbance. After disturbance fragments the 
older forest, a new distribution of young and old 
forest results. If only old forest is Spotted Owl 
habitat, then fragmentation of older forest alone, 
as depicted by scenario A in Figure 2, results in 
habitat fragmentation for Spotted Owls. How- 
ever, if young forests in some combination with 

older forest constitutes Spotted Owl habitat, as 
represented by the condition in scenario B in 
Figure 2, then no habitat fragmentation occurs 
for Spotted Owls. In the latter scenario, forest 
fragmentation is represented by heterogeneity of 
seral stages. Therefore, we acknowledge that 
other vegetation types may contribute to Spotted 
Owl habitat (e.g., forest heterogeneity) in our 
examination of the empirical studies. 

MODELS SIMULATINGTHE EFFECTS OF HABITAT 
Loss AND FRAGMENTATION ON SPOTTED OWLS 

The Spotted Owl became a conservation issue 
because of losses of old coniferous forest from 
logging. Several management plans were devel- 
oped but empirical data were generally lacking 
to test the efficacy of these plans. Therefore, 
simulation models were developed to examine a 
critical question for management planners- 
what is the likely persistence of the owl if its 
habitat continues to be removed? These simu- 
lation models ranged from deterministic to sto- 
chastic and were used primarily in developing 
management strategies for the Northern Spotted 
Owl (Lande 1988, Doak 1989, Lamberson et al. 
1992, McKelvey et al. 1992). 

The assumption of these models varied but all 
assumed that (I ) habitat in the form of old co- 
niferous forest was either suitable or unsuitable, 
with no definitions of habitat quality; and (2) 
juvenile Spotted Owls searched the landscape 
during dispersal with some specific behavior, 
e.g., randomly or with some finite number of 
searches. All of the models predicted that Spot- 
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ted Owls would not persist with continued loss 
of old coniferous forest. An early deterministic 
model (Lande 1988) predicted a critical thresh- 
old for Northern Spotted Owls when the pro- 
portion of suitable habitat (old coniferous forest) 
on the landscape fell below 0.21. Other simu- 
lation models did not make such explicit predic- 
tions because assumptions on how dispersing ju- 
venile owls searched the landscape was critical 
in determining model results. Nevertheless, all 
the models clearly predicted the demise of 
Northern Spotted Owl populations, given the 
model assumptions and continued loss of old co- 
niferous forest. 

All of the models also assumed that habitat 
fragmentation would be a consequence of loss 
of old coniferous forest through logging. This 
was a reasonable assumption given the knowl- 
edge at that time concerning Spotted Owl dis- 
persal and harvest unit strategies in western co- 
niferous forests. However, there were few ex- 
plicit predictions from the models regarding the 
nature of fragmentation resulting from habitat 
loss. 

CAUSES OF FRAGMENTATION AND HETEROGENEITY 

Historically, fire was the major disturbance af- 
fecting forested landscapes across the range of 
all three subspecies (Weatherspoon et al. 1992, 
Agee 1993, Skinner and Chang 1996, Swetnam 
and Baisan 1996a, Taylor and Skinner 1998). 
Before organized fire suppression programs, fire 
occurred throughout the range of the Spotted 
Owls at fairly frequent intervals with differing 
degrees of intensity (Table 1, Fig. 3). California 
and Mexican Spotted Owls experienced frequent 
low to moderate intensity fires, whereas North- 
ern Spotted Owls experienced greater variation 
in fire return intervals (Table 1; see also Skinner 
and Chang 1996). Owls occurring in the West 
Cascades, Coast Ranges, and Redwood provinc- 
es were probably less affected by fire than in 
other parts of their range. However, these mesic 
provinces experienced higher fire intensities less 
frequently than drier portions of the owl’s range. 
Of the 3,753 owl pairs reported within the range 
of the Northern Spotted Owl (Gutierrez 1994), 
37% were in the Klamath and Eastern Cascades 
provinces, which experienced fire regimes char- 
acterized by frequent, less-severe fires than 
those in western Oregon and Washington (Taylor 
and Skinner 1998). 

Fire suppression by humans disrupted natural 
fire cycles beginning in the 20th century (Fig. 3; 
Weatherspoon et al. 1992, Agee 1993, Swetnam 
and Baisan 1996a), but was not relatively effec- 
tive until the late 1940s (Wills 1991). The ef- 
fects of fire suppression on landscapes occupied 
by Spotted Owls have been poorly understood, 
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FIGURE 3. Fire occurrence within the range of the Mexican Spotted Owl before and after fire suppression at 
63 fire history sites in Arizona and New Mexico (Swetnam and Baisan 1996a). 

but several studies suggested that forests prior 
to fire suppression were less dense and had more 
openings. Comparing aerial photos from 1944 
and 1985, Skinner (1995) found that openings 
(areas 20.1 ha occupied by vegetation less than 
a third the height of surrounding stands) de- 
creased 39% within unlogged watersheds of the 
Klamath Province in northern California. In ad- 
dition, openings became smaller and more dis- 
persed across the landscape after 40 years of fire 
suppression. Sierran mixed-conifer forests oc- 
cupied by California Spotted Owls shifted from 
frequent low- to moderate-severity fires, to long- 
interval, high-severity, stand-replacing fires after 
fire suppression (Weatherspoon et al. 1992). 
This situation probably also applied to forests 
occupied by Northern and Mexican Spotted 
Owls. Weatherspoon et al. (1992) also suggested 
that fire suppression on Sierran forests created 
more homogeneous landscapes in terms of for- 
ested stand configuration. Prior to fire suppres- 
sion, forests probably were dominated by large, 
old trees intermixed with a complex array of 
small, even-aged stands representing a wide 
range of age- and size-classes (McKelvey and 
Johnston 1992, Weatherspoon et al. 1992), 
whereas post-fire suppression forests have be- 
come more homogeneous and even-aged. How- 
ever, there has been considerable disagreement 
concerning forest conditions under natural fire 
regimes (Sierra Nevada Ecosystem Project 1996: 
63). In either case, the composition and structure 
of post-fire suppression forests were complicated 
by logging activities, which have largely re- 
placed fire as the most frequent disturbance to 
forests occupied by all three subspecies of Spot- 
ted Owl. 

Coincident with fire suppression, logging be- 
gan in forests across the range of the Spotted 
Owl at the turn of the 20th century. However, 

logging on publicly-owned forests, and subse- 
quent fire suppression, did not begin until 
around 1940-1950 (Harris 1984, McKelvey and 
Johnston 1992). In most parts of the owl’s range, 
logging practices shifted from uneven-aged 
management to even-aged management (Harris 
1984, McKelvey and Johnston 1992, Moir et al. 
1995) with clearcut logging as the predominate 
method. However, in the Sierra Nevada, logging 
prior to the 1980s rarely used clearcutting; se- 
lective logging of the largest trees was the pre- 
dominant method (McKelvey and Johnston 
1992). Habitat fragmentation may have occurred 
if selective logging degraded the quality of older 
forests for Spotted Owls. However, the matrix 
resulting from this type of logging may have dif- 
ferent effects than one resulting from clearcut 
logging. On the other hand, clearcutting began 
earlier and increased over time within the range 
of the Northern and Mexican Spotted Owls than 
in the Sierra Nevada (Harris 1984, Moir et al. 
1995). Clear-cutting has dramatically altered at 
least part of the forested landscape used by Spot- 
ted Owls (Fig. 4). Ripple et al. (2000) found that 
prelogging landscapes in the Coast Range of 
Oregon had significantly greater amounts of old- 
growth forest (63% of landscape before logging 
versus 44% after logging). In addition to reduc- 
ing the amounts of older forest, foresters at- 
tempted to disperse lo-20 ha clearcuts, which 
increased fragmentation of those forests; patch 
density and edge density increased while mean 
patch size, largest patch size, and amount of in- 
terior forest decreased. However, Ripple et al. 
(2000) also found that proportions of old-growth 
forest in pre-logging landscapes were highly 
variable, ranging from 16-lOO%, which may 
have been due to past stand-replacing fires. 

Thus, both fire and past logging practices al- 
tered landscapes occupied by Spotted Owls. 
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FIGURE 4. Distribution of old-growth forest on the Blue River and McKenzie Ranger Districts of the Wil- 
lamette National Forest, Oregon (Harris 1984). 

While clearcut logging may have been similar 
to severe stand-replacing fires in that all forest 
cover is removed, logging did not attempt to 
mimic natural disturbance regimes, such as fire, 
under which the owl evolved (McKelvey and 
Johnston 1992). 

HABITAT FRAGMENTATION AT THE 
RANGE-WIDE SCALE 

A number of authors argued that the popula- 
tion process of primary concern with respect to 
habitat fragmentation across the range of sub- 
species is juvenile dispersal (Gutierrez and Har- 
rison 1996, Turchin 1998). This was also rec- 
ognized in the simulation models discussed pre- 
viously (Lande 1988, Doak 1989, Lamberson et 
al. 1992). 

Dispersal of juvenile Spotted Owls maintains 
gene flow and potential demographic connectiv- 
ity between isolated populations. The impor- 
tance of juvenile dispersal depends on the dy- 
namics of Spotted Owl populations, e.g., wheth- 
er population dynamics follow source-sink, 
meta-population, etc. Regardless of how popu- 
lation dynamics in Spotted Owls are structured, 
the movement of individual Spotted Owls across 
the landscape is primarily though juveniles. In 
general, once Spotted Owls establish a territory, 

they are relatively sedentary. Movements of ter- 
ritory holders to other territories is relatively 
rare and encompasses only short distances; Wag- 
ner et al. (1996) estimated that 1.5% of non- 
juvenile Northern Spotted Owls relocated to new 
territories each year while moving an average of 
6.5 km. An exception was noted for the Mexican 
Spotted Owl, where an adult female was recov- 
ered 187 km from her original territory (GutiC- 
rrez et al. 1996). In contrast to territory holders, 
juvenile Spotted Owls always disperse from 
their natal territories (Gutierrez et al. 1985, Mill- 
er 1989, Ganey et al. 1998, Willey and van Riper 
2000) and move considerably longer distances 
(Table 2). In addition, the distributional proper- 
ties of dispersal distances for juvenile Spotted 
Owls are quite similar between the Northern and 
Mexican subspecies (Table 2); no data are avail- 
able for the California subspecies. 

If dispersal maintained demographic continu- 
ity, then the degree to which habitat fragmen- 
tation affects this connectivity will determine the 
influences of habitat fragmentation on popula- 
tion processes at the range-wide scale. A key 
question with respect to dispersal is, does habitat 
fragmentation affect connectivity between pop- 
ulations and subpopulations of Spotted Owls? 
Effects can be viewed as either complete disrup- 
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TABLE 2. FINAL DISPERSALDISTANCES REPORTED FOR RADIO-TAGGEDJUVENILENORTHERN ANDMEXICAN SPOT- 

TED OWLS 

Final dyersal dntance (km)d 

Subspecies Region Meall SD Range N SOUUX 

Northern 

Mexican 

California 
Oregon 
Utah 
Arizona 

30.5 23.5 1.0-100.0 23 Gutierrea et al. 1985 
28.1 17.3 3.2-75.8 25 Miller 1989 
29.2 22.5 1.7-92.3 26 Willey and van Riper 2000 
26.2 22.3 0.6-72.1 17 Ganey et al. 1998 

a Final dispersal distance is the straight-line distance from the nest to the location farthest from the nect (Ganey et al. 1998) 

tion of the connection between populations or 
reduction in flow of individuals to some thresh- 
old point where the connection can be consid- 
ered severed. 

Much of the range of the Northern Spotted 
Owl and the Sierra Nevada portion occupied by 
California Spotted Owls has fairly continuous 
forests considered suitable for occupancy by 
owls. However, across the range of the Mexican 
Spotted Owl, the distribution of suitable forests 
is naturally disjunct (Fig. 5). For the geographic 
range of the Mexican Spotted Owl to be consid- 
ered fragmented, connectivity must be affected 
to a greater degree than normally experienced in 
the naturally disjunct populations across the 
range of this subspecies. Although it is tempting 
to view Mexican Spotted Owl populations as a 
type of meta-population, there is little support 
for this (Keitt et al. 1995, Gutierrez and Harrison 
1998). Based on simulation modeling, Keitt et 
al. (1997) found that the degree to which the 
range of the Mexican Spotted Owl in the United 

FIGURE 5. Distribution of forested areas within the 
range of the Mexican Spotted Owl. 

States (Fig. 5) is connected could be described 
in terms of dispersal distance; with a dispersal 
distance of at least 40-50 km, forested patches 
went from being relatively disconnected to con- 
nected. Of 43 juveniles radio-marked by Ganey 
et al. (1998) and Willey and van Riper (2000), 
25.6% dispersed distances at least 40-50 km 
(Table 3). For comparison, we examined the cu- 
mulative distribution of final dispersal distances 
for 48 radio-marked juvenile Northern Spotted 
Owls (Gutierrez et al. 1985, Miller 1989; Table 
3). If forested areas within the range of the 
Northern Spotted Owl were distributed in a 
manner similar to that of the Mexican Spotted 
Owl, 27.1% of the dispersing juveniles would 
be able to move between disjunct populations 
(Table 3). This suggested that a portion of a giv- 
en year’s juvenile cohort would be capable of 
connecting a landscape of disjunct habitat patch- 
es under the conditions of these studies. How- 
ever, the question still remains, is this sufficient 
to maintain connectivity between populations 
and subpopulations within the geographic range 
to maintain both demographic processes and 
gene flow? 

We found few empirical data on the effects of 
fragmentation on Spotted Owl population pro- 
cesses at the scale of the geographic range. Only 
one study (Miller et al. 1997) on juvenile North- 
ern Spotted Owl dispersal provided insights on 
the effect of forest fragmentation on connectiv- 
ity between populations. First, Miller et al. 
(1997) found that juveniles used closed-canopy 
forests more often than expected during dispers- 
al. Second, juveniles selected equally between 
less fragmented and more fragmented older for- 
ests. However, they did observe a negative re- 
lationship between net dispersal distance and the 
proportion of clear-cuts on the landscape, sug- 
gesting that juveniles encountering more clear- 
cuts during dispersal may be limited in their dis- 
persal distance. Finally, mortality of juveniles 
appeared to increase with increased use of clear- 
cuts when they temporarily colonized an area, 
but mortality decreased with increased use of 
open sapling stands. The openness of clearcuts 
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TABLE 3. CUMULATIVE DISTRIBUTION OF DISPERSAL DISTANCES OF RADIO-TAGGED JUVENILE MEXICAN AND 
NORTHERN SPOTTED OWLS 

Final dispersal 
distance 

2 x km, where I = 

% of juveniles dlspersmg at least x km 

MAcall NlXtherll 

Simulated effect on range-wide 
forested landscape occupied 
by Mexican Spotted Owls 

(K&t et al. 1997) 

10 74.4 81.3 
20 60.5 64.6 
30 34.9 41.7 
40 25.6 27.1 
50 14.0 12.5 
60 9.3 6.3 
70 7.0 4.2 
80 4.7 2.1 

Highly disconnected 

Several independent subdivisions 
Most patches joined 

Highly interconnected 

Note: Data on radio-tagged owls are from the sowxs listed in Table 2 

may make owls more vulnerable to predation or 
reduce the availability of prey because clearcuts 
are often dominated by dense, small shrubs. Use 
of other seral stages may be related to prey, such 
as the dusky-footed woodrat (Neotoma jiiscipes), 
which achieve high abundances in early forest 
seral stages (Sakai and Noon 1993, Ward et al. 
1998). Thus, some degree of fragmentation may 
not be detrimental to dispersing juvenile North- 
ern Spotted Owls, but the effect of fragmenta- 
tion of older forest may depend on the interven- 
ing matrix (i.e., clearcut versus sapling stands) 
between forest fragments. 

Simulation models examined the potential ef- 
fects of fragmentation on juvenile dispersal 
across the range, or portions of the range, of the 
three subspecies (Doak 1989, McKelvey et al. 
1992, Noon and McKelvey 1992, Keitt et al. 
1997). However, these models incorporated as- 
sumptions about juvenile dispersal behavior be- 
cause little empirical data existed to parameter- 
ize the models. Consequently, these studies pro- 
vided little real information on how habitat frag- 
mentation affects Spotted Owls. However, the 
model by Keitt et al. (1997) provided valuable 
insights into what dispersal capabilities Mexican 
Spotted Owls require to connect populations 
across their range, and the models by Lamberson 
et al. (1994), McKelvey et al. (1992), and Noon 
and McKelvey (1992) made quantitative predic- 
tions about occupancy of habitat blocks contain- 
ing different numbers of Northern Spotted Owl 
territories (see also review in Noon and Mc- 
Kelvey 1996). The predictions from these latter 
models have never been empirically tested. 

Habitat fragmentation could potentially affect 
gene ilow as well as population dynamics, which 
is a major concern of conservation biologists 
(Frankel and Soul& 1981). Despite the lack of 
support for a demographic meta-population, 
there is evidence of past gene flow among Mex- 
ican Spotted Owl populations, among Northern 

Spotted Owl populations and between Northern 
and California Spotted Owls (Barrowclough et 
al. 1999). Further, relatively little gene flow 
needs to occur to maintain genetic variability 
(Lande and Barrowclough 1987). Thus, it ap- 
pears that fragmentation would likely have less 
effect on gene how than demography, given 
what we know of juvenile Spotted Owl dispers- 
al. 

HABITAT FRAGMENTATION AT THE 
POPULATION SCALE 

Abundance and reproductive success of 
Northern Spotted Owls increase with the amount 
of older forest (Bart and Forsman 1992). How- 
ever, there are no studies relating metrics mea- 
suring forest fragmentation or heterogeneity 
with population performance. Although there are 
a large number of populations studies on Spotted 
Owls (see Noon et al. 1992, White et al. 1995, 
Forsman et al. 1996, Franklin et al. 1999 for 
reviews), none relate life-history traits and/or 
rates of population change (X) to forest frag- 
mentation or heterogeneity. Such studies would 
have to employ the population or subpopulation 
as the unit of comparison rather than the indi- 
vidual or territory (see HABITAT FRAGMEN- 
TATION AT THE TERRITORY SCALE be- 
low). For example, estimates of A for Northern 
Spotted Owls on 15 studies ranged from 0.83 
(G(i) = 0.02) to 0.98 (G(i) = 0.02), indicating 
that variation in rates of population change ex- 
ists among subpopulations (Franklin et al. 1999). 
Thus, comparisons need to be made with sub- 
populations of owls inhabiting landscapes hav- 
ing different degrees of habitat fragmentation 
(e.g., the 15 separate demographic studies in 
Franklin et al. 1999). In addition, the methods 
for identifying habitats and quantifying habitat 
fragmentation would have to be standardized 
across study areas. 
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TABLE 4. META-ANALYSIS ON AMOUNTS OFMATURE AND OLD-GROWTH FORESTTN CIRCLES OCCUPIED BY SPOT- 
TED OWLS VERSUS RANDOM CIRCLES ON THE SURROUNDING LANDSCAPE 

Subspecies !ia 

Northern 7 
California 1 
Mexican I 
All subspecies 9 

d G&d) 95% CI ford ir* p"'en (95% CI) cv,,<>,,,, 

0.680 0.011 0.474, 0.886 0.029 (0.000, 0.313) 0.251 
0.352 0.085 0.218, 0.923 _b _b 
0.466 0.053 0.016, 0.915 _b _b 
0.624 0.008 0.449, 0.799 0.022 (0.000, 0.230) 0.236 

a Number of studies. 
b Not estimable because of insufficient number of studxes 

HABITAT FRAGMENTATION AT THE 
TERRITORY SCALE 

Most research on effects of fragmentation and 
heterogeneity on Spotted Owls has been at the 
territory scale, and the majority of this work re- 
lated occupancy to landscape characteristics 
within territories. In general, researchers exam- 
ining the effects of habitat fragmentation and 
heterogeneity compared occupied sites (defined 
by circles of varying radii around an owl nest 
or location) with sites of equal size that were 
randomly placed on the surrounding landscape. 
Because of the large number of studies, we used 
some simple meta-analytical techniques to sum- 
marize the general findings (see Appendix 1 for 
methods). In summary, we first estimated effect 
sizes (d), and their sampling variance (var(d)) 
for each study. Here, the study was the sampling 
unit, with each study including 20-100 territo- 
ries (see Appendix 1). Thus, we were able to 
estimate sampling variances and 95% confi- 
dence intervals of metrics for each study. Effect 
sizes were measures, in standard deviations, of 
the difference in metrics (e.g., amount of older 
forest) between occupied and random sites 
(Wolf 1986:27, VanderWerf 1992). Ideally, ef- 
fect sizes should be compared with a distribu- 
tion of effect sizes derived from published stud- 
ies (Wolf 1986:27). Because such a distribution 
was unavailable, we used the cough guidelines ^ 
of d = 0.2 for small effects, d = 0.5 for me- 
dium effects, and h = 0.8 for large effects pro- 
posed by Cohen (1987). We used 95% confi- 
dence intervals to assess the degree to which 
effect sizes overlapped zero (no effect) for each 
study. Where we had 22 studies with the same 
metric (e.g., amount of ojd-growth), we esti- 
mated Lw$ghted mean (4, its sampling var- 

ante (var(d)), and an: estimate of the process 

variation (6&,_, ) of d. This process variation 
was an estimate of the variation in the metrics 
across studies and was derived by removing the 
sampling variation associated with each estimate 
of d (see Appendix 1). In most cases, there were 
only 2-3 studies with similar metrics. In these 
cases, we still estimated the effects size param- 

eters and process variation. We recognized these 
estimates had limited validity for inference but 
we used them to pose alternative hypotheses and 
as an example of how a meta-analysis of these 
parameters would be useful if sufficient studies 
were available with similar metrics. 

We first examined the effects of amounts of 
mature and old-growth coniferous forest on oc- 
cupancy. We examined seven studies on the 
Northern Spotted Owl, ranging from Washing- 
ton to northern California, one study on the Cal- 
ifornia Spotted Owl, and one study on the Mex- 
ican Spotted Owl (Appendix 1). Effect sizes 
across all subspecies were positive, generally 
large, and, except for the California Spotted 
Owl, different from zero, indicating that sites oc- 
cupied by Spotted Owls had greater amounts of 
older forest than sites randomly located on the 
forested landscape (Table 4). In addition, North- 
ern Spotted Owls appeared to have greater effect 
sizes, suggesting a larger difference between oc- 
cupied and random sites, than the other two sub- 
species (Appendix 1). However, the other two 
subspecies were each represented by only one 
study and, hence, we did not capture as much 
geographic variation as for the Northern Spotted 
Owl. In addition, sites occupied by Northern 
Spotted Owls on private timber lands in the Red- 
wood Province (Fig. 1) had higher proportions 
of younger forests (41-60 years) than the other 
studies (Thome et al. 1999). On these private 
lands, there were few stands of older forest, but 
the younger stands often approached the struc- 
tural characteristics of older conifer forest in the 
other studies because of higher growth rates in 
redwood (Sequoia sempervirens) forests (Fol- 
liar-d 1993). 

Researchers comparing occupied and random 
sites used 16 different metrics of fragmentation 
and 6 different measures of heterogeneity (Ap- 
pendix 1). Unfortunately, none of these metrics 
were represented by more than three studies, 
with most used in only a single study. In addi- 
tion, the majority of the studies were on North- 
em Spotted Owls. We estimated effect sizes and 
process variance for six of the metrics examin- 
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TABLE 5. META-ANALYSIS OF INDICATORS OF FRAGMENTATION AND HETEROGENEITY IN CIRCLES OCCUPIED BY 
NORTHERN SPOTTED OWLS VERSUS RANDOM CIRCLES ON THE SURROUNDING LANDSCAPE 

M&k” k” 

Indicators of Fragmentation 
Mean Patch Area 
CV Patch Area 
Patch Density 
Patch Interior 
Perimeter Density 
GISfrag Index 

Indicators of Heterogeneity 
Shannon-Wiener Index 
Dominance 
Contagion 

3 0.865 0.002 0.777, 0.953 0.000 (0.000, 0.341) 0.000 
2 0.359 0.119 -0.317, 1.035 0.177 (0.000, 250.1) 0.953 
2 0.563 0.163 -0.230, 1.354 0.260 (0.000, 338.1) 0.906 
2 0.440 0.045 0.024, 0.856 0.040 (0.000, 110.5) 0.455 
3 0.289 0.124 -0.401, 0.979 0.342 (0.052, 15.69) 2.024 
3 -0.638 0.061 -1.122, -0.154 0.141 (0.000, 8.175) 0.589 

2 0.272 0.136 -0.451, 0.950 0.220 (0.002, 277.2) 1.676 
2 -0.307 0.169 -1.113, 0.499 0.285 (0.014, 343.9) 1.442 
2 0.642 1.147 -1.457, 2.741 0.401 (0.393, 340.3) 2.671 

d See Appendix 1 for definitions of metrics. 
h Number of studies. 

ing fragmentation (represented by 2-3 studies) 

and three of the metrics examining heterogeneity 

(each represented by two studies; Table 5). Ef- 

fects that appeared to be consistent across stud- 

ies (i.e., exhibited relatively low CV in spatial 
process variation) were mean patch area, the 
amount of patch interior, and the GISfrag index 
of Ripple et al. (1991a; Table 5). Based on the 
GISfrag index, Northern Spotted Owls occupied 
areas having larger patches of older forest 
(which supported more interior forest) that were 
more numerous and closer together than the ran- 
dom sites. The effect sizes for these three met- 
rics were different from zero based on 95% con- 
fidence intervals (Table 5). The remaining met- 
rics for fragmentation and all the metrics for het- 
erogeneity in Table 5 had large coefficients of 
spatial process variation, and had effect sizes 
with confidence intervals including zero. How- 
ever, in almost all cases the estimates of spatial 
process variation had extremely large confidence 
intervals, indicating poor estimation due to in- 
adequate numbers of studies. More importantly, 
our analysis demonstrates the lack of compara- 
bility among studies of Spotted Owl habitat frag- 
mentation because few studies used the same 
metrics. Thus, there were insufficient samples 
for most metrics to allow meaningful conclu- 
sions. 

We also partitioned the data by gross ecolog- 
ical provinces (West Cascades versus Klamath 
Provinces; Fig. 1) within the range of the North- 
ern Spotted Owl to examine whether large dif- 
ferences between the provinces were responsible 
for the high coefficients of spatial process vari- 
ation (Table 6). With the three metrics (mean 
patch area, interior, and GISfrag) that we con- 
sidered consistent, effect sizes were similar be- 
tween the two provinces and were different from 
zero for each individual study. With the other 
three metrics of fragmentation (CV patch area, 

patch density, and perimeter density), there ap- 
peared to be provincial differences that could 
have accounted for the high degree of spatial 
process variation observed when provinces were 
pooled in Table 5. Sites occupied by Northern 
Spotted Owls in the West Cascades province had 
less variable patch areas, lower patch density, 
and inconclusive perimeter densities in relation 
to random sites. The Klamath province, on the 
other hand, had more variable patch areas, high- 
er patch densities, and higher perimeter densities 
than random sites. Only patch density was not 
different from zero. 

Thus, it appears that Northern Spotted Owls 
occupy sites with greater amounts of older forest 
that retain higher amounts of interior forest than 
forested landscapes chosen at random across 
their range. This appeared to be consistent 
across provinces. However, the degree of frag- 
mentation in occupied versus random sites in the 
Klamath province was greater than in the West 
Cascade province. This was suggested by more 
variable patch sizes and greater perimeter edge. 
However, this would only be considered habitat 
fragmentation if habitat for Northern Spotted 
Owls in the Klamath province was limited to 
older forest. If ecotones (represented by the pe- 
rimeter of other vegetation types with older for- 
est) are also Spotted Owl habitat, then this 
would not represent habitat fragmeniation, but 
merely an additional component of Spotted Owl 
habitat (see Franklin et al. this volume). 

In general, heterogeneity of vegetation types 
and forest seral stages appears to be higher in 
occupied than random sites of the Northern and 
Mexican Spotted Owl, but not the California 
subspecies (Table 7). For the Northern Spotted 
Owl in the West Cascades and Klamath prov- 
inces, Shannon-Wiener indices of vegetation 
type or seral stage diversity were higher on oc- 
cupied sites, Simpson’s index was lower, domi- 
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nance was lower, and contagion was lower. The 
results from the East Cascades province were 
opposite in terms of the Shannon-Wiener index, 
dominance, and contagion. (Morganti 1993; Ta- 
ble 7). However, only contagion was different 
from zero. In addition, Morganti (1993) only 
used 3 vegetation types whereas the other re- 
searchers used 5-7; increasing vegetation types 
can affect the direction and the relative magni- 
tude of all the heterogeneity metrics explored 
here (Morganti 1993, Meyer et al. 1998). Thus, 
while Spotted Owls may occupy sites with some 
degree of forest fragmentation in some areas, 
sites occupied by Northern Spotted Owls ap- 
peared to be more consistent in having higher 
heterogeneity throughout their range. The one 
study on Mexican Spotted Owls (Peery et al. 
1999) had a similar effect size for Simpson’s 
index as for the Northern Spotted Owl in Cali- 
fornia, indicating that seral stage and vegetation 
type diversity was higher in occupied than ran- 
dom sites. California Spotted Owls had the op- 
posite trend, with occupied sites having less het- 
erogeneity than random sites. 

A few researchers examined the effects of 
landscape metrics on life-history traits, such as 
survival and reproduction. Bart (1995) found 
that survival increased with the amount of older 
forest within sites occupied by Northern Spotted 
Owls. However, survival in this study was mea- 
sured from turnover events of unmarked birds 
(U. S. Dept. Interior 1992) and may not have 
been an unbiased measure of survival. Similarly, 
Ripple et al. (1997) found that a reproductive 
index was correlated (r = 0.64, P = 0.03) with 
amounts of older forest in occupied sites. How- 
ever, metrics other than the amount of older for- 
est were not included in the analyses in these 
two studies. In the Redwood province of north- 
ern California, Thome et al. (1999) found high- 
est reproductive success in Northern Spotted 
Owls at sites that had high proportions of 21- 
40 year old forest stands and lower proportions 
of older forest. In the Klamath Province of 
Oregon, average annual reproductive output in- 
creased at sites with greater fractal dimension 
(indicating greater landscape complexity with 
increased edge), more older forest patches, and 
greater proportions of hardwood forest (Meyer 
et al. 1998). Their multiple regression model ac- 
counted for 56% of the variation in reproductive 
output. In the West Cascades province, average 
annual reproductive output was not explained by 
any of the habitat and landscape variables mea- 
sured, but rather by decreased density of owls 
in the surrounding area, which explained 85% 
of the variation in reproductive output (Meyer 
et al. 1998). Finally, Franklin et al. (2000) ex- 
amined reproductive output, survival, and the 
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TABLE 7. EFFECT SIZES FOR METRICS OF HETEROGENEITY MEASURED ON SITES OCCUPIED BY SPOTTED OWLS 
VERSUS RANDOM SITES 

Metnc” Subspecies Region" 2 95% CI S0UXX 

Shannon-Wiener Index Northern WCAS & KLA (OR) 0.629 0.224, 1.033 Meyer et al. 1998 
Shannon-Wiener Index Northern ECAS (OR) -0.109 -0.593, 0.374 Morganti 1993 
Simpson’s Index Northern KLA (CA) -0.690 - 1.147, -0.233 Hunter et al. 1995 
Dominance Northern WCAS & KLA (OR) -0.706 -1.114, -0.298 Meyer et al. 1998 
Dominance Northern ECAS (OR) 0.116 -0.374, 0.607 Morganti 1993 
Contagion Northern WCAS & KLA (OR) -0.378 -0.778, 0.022 Meyer et al. 1998 
Contagion Northern ECAS (OR) 1.766 1.189, 2.344 Morganti 1993 
Baxter and Wolf Index California SIERRA -0.775c -1.366, -0.184 two studies 
Simpson’s Index Mexican NM -0.791 -1.251, -0.330 Peery et al. 1999 

B See Appendix I for defimtmns of metrics. 
h WCAS = West Cascades province, KLA = Klamath provmce, ECAS = East Cascades prownce, SIERRA = Sierra Nevada Mountains; state 
acronyms are in parentheses. 
c Weighted mean for two studies (Bias and Gutikrrer 1992, Mom & Gut&r.% 1997) in the same area; a(& = 0.091. 

combination of the two in a measure of habitat- 
based fitness in relation to landscape habitat var- 
iables of sites occupied by Northern Spotted 
Owls in the Klamath province. They found that 
reproductive output increased at sites with more 
edge between older forest and other vegetation 
types and decreased with the amount of interior 
forest. Survival, however, increased with more 
interior older forest and increased edge. Thus, 
sites with high fitness represented a tradeoff, 
balancing the amount of interior forest with edge 
to achieve optimal survival and reproduction 
(Fig. 6). 

DISCUSSION 

The effects of habitat fragmentation on spe- 
cies richness and animal population dynamics 

LOW FITNESS 

have long been of interest to ecologists. Conse- 
quently, negative impacts of forest fragmenta- 
tion on Spotted Owls were assumed without crit- 
ical examination because this bird’s habitat has 
been highly disrupted by logging over the past 
century (Gutierrez 1994). Further, the Spotted 
Owl is thought to be declining across its range, 
presumably in response to loss of habitat (and 
by corollary to increased habitat fragmentation). 
The loss of habitat, owl population declines, and 
the federal listing of two subspecies have 
prompted a plethora of studies on the bird which 
potentially lends itself to a meta-analysis of frag- 
mentation patterns. 

Most of the initial simulation models on Spot- 
ted Owls emphasized loss of habitat rather than 
the explicit effects of habitat fragmentation. As 

HIGH FITNESS 

FIGURE 6. Example of occupied Northern Spotted Owl sites exhibiting low and high fitness based on habitat 
characteristics of those sites (Franklin et al. 2000). 
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Franklin et al. (this volume) point out, habitat 
loss and habitat fragmentation can have different 
effects when they are considered separately and 
at different scales. For example, the model de- 
veloped by Lande (1988) predicted a threshold 
amount of suitable Spotted Owl habitat (older 
forest) below which populations should decline 
to extinction. This was partially corroborated by 
empirical studies that found no or few owls in 
large areas where older forests had been mostly 
eliminated (Bart and Forsman 1992, Johnson 
1992, U. S. Dept. Interior 1992, Gutierrez 1994). 
However, these results do not address the issue 
of critical thresholds for habitat fragmentation in 
Spotted Owls. Later models became more so- 
phisticated but still only examined loss of suit- 
able habitat (e.g., Doak 1989, Lamberson et al. 
1992). The models developed by Lamberson et 
al. (1994), McKelvey et al. (1992) and Noon and 
McKelvey (1992) did make quantitative predic- 
tions about occupancy by Northern and Califor- 
nia Spotted Owls at the range-wide scale in re- 
lation to forest patch sizes with different shapes, 
sizes, and inter-patch distances. However, these 
predictions have yet to be tested with empirical 
data. There has been an unfortunate disconnect 
between theoretical predictions made by simu- 
lation models concerning the effects of fragmen- 
tation on Spotted Owls and the testing of those 
predictions with empirical studies. However, this 
is not unique to Spotted Owls; Doak et al. 
(1992) argue for better merging of theory and 
experimentation in understanding habitat frag- 
mentation in general. 

At the three scales in the empirical studies 
that we examined, all three subspecies of Spot- 
ted Owl exhibit some degree of association with 
the structural characteristics of old conifer for- 
est. Even when older forest is not present (e.g., 
the Redwood Province in the range of the North- 
em Spotted Owl), Spotted Owls still occupy 
sites that have forests structurally similar to old- 
er forest in other parts of the owl’s range. How- 
ever, at the territory scale there is evidence that 
early forest seral stages and ecotones (i.e., the 
interface between conifer forests and other veg- 
etation types) may contribute to Northern Spot- 
ted Owl habitat in some areas (Franklin et al. 
2000). In particular, early seral stages bordering 
older forest may provide both abundant and 
available prey for Northern Spotted Owls in the 
Klamath province where hardwood trees are im- 
portant components of the forests occupied by 
Northern Spotted Owls. Thus, there is some ev- 
idence that Spotted Owls in some parts of their 
range may benefit from forest heterogeneity. 
Some of this heterogeneity may result from log- 
ging or other anthropocentric disturbance. These 
changes are not necessarily fragmentation (sensu 

Franklin et al. this volume), but the introduction 
of openings and peninsulas of different seral 
stages that provide edge while maintaining in- 
terior forest (see Fig. 6) and heterogeneity. The 
mechanisms that produce potential benefits are 
still poorly understood but may relate to prey 
abundance and availability (see Thome et al. 
1999, Franklin et al. 2000). This situation may 
only apply to areas occupied by Northern Spot- 
ted Owls (and other subspecies) where forests 
are mixtures of conifers and hardwoods. 

Despite the plethora of habitat-based studies 
on Spotted Owls, the effects of forest fragmen- 
tation and heterogeneity are still poorly under- 
stood. Even at the territory scale where most of 
the studies have been conducted, the many dif- 
ferent measures and indices used in the various 
studies reduced our ability to draw inferences. 
There is no unified set of metrics for measuring 
fragmentation of Spotted Owl habitats; an abun- 
dance of ad hoc measures exist and often re- 
searchers develop their own. However, to un- 
derstand the effects of habitat fragmentation on 
Spotted Owls, appropriate metrics need to be de- 
veloped that can be applied across studies. In the 
absence of large-scale experiments, reliable 
knowledge (sensu Romesburg 198 1) can only be 
achieved through replication of observational 
studies that use similar metrics. Such consisten- 
cy does not preclude novel approaches by indi- 
vidual investigators. Our attempt to synthesize 
such studies for Spotted Owls failed in terms of 
inferences on the effects of fragmentation be- 
cause researchers did not use similar metrics to 
quantify habitat fragmentation. That is, each 
metric of interest was represented by 3 studies 
at the most. Our sample of studies was also ham- 
pered because a number of researchers did not 
present the requisite information (means and/or 
standard deviations) to estimate effect sizes. 
However, the patterns we observed in our meta- 
analysis can be considered hypotheses that can 
be tested with more detailed meta-analyses or 
experimentation. 

To understand forest fragmentation, habitat 
fragmentation, and forest heterogeneity in Spot- 
ted Owls, a number of key questions need to be 
addressed, such as: 

1. What is Spotted Owl habitat? Older conifer- 
ous forest has always been considered syn- 
onymous with Spotted Owl habitat but recent 
studies suggest other vegetation types and 
landscape attributes may contribute to Spot- 
ted Owl habitat as well. Before habitat frag- 
mentation can be assessed and understood, 
habitat must be properly defined (Franklin et 
al. this volume). In addition, definitions of 
Spotted Owl habitat can only be achieved 
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when the mechanisms behind the importance 
of various components are understood. This 
probably can only be achieved through anal- 
ysis of empirical data (particularly of repli- 
cated studies) followed by carefully con- 
trolled experiments. 
Can Northern Spotted Owls and California 
Spotted Owls maintain viable populations un- 
der the same range-wide fragmentation as 
Mexican Spotted Owls? While preliminary 
information on juvenile dispersal, a key pro- 
cess in the effects of fragmentation at the 
range-wide scale, is available for Northern 
and Mexican Spotted Owls, this information 
is still lacking for California Spotted Owls 
(Verner et al. 1992). In addition, there have 
been no long-term studies of juvenile dis- 
persal specifically designed to examine the 
effects of heterogeneity and fragmentation. 
Do landscape conjigurations within subpop- 
ulations have the same effect as they do at 
the territory scale? This question relates to 
habitat quality at a population scale, similar 
to the findings of Franklin et al. (2000) at the 
territory scale; that is, whether populations 
can be represented as meta-populations, 
source/sink populations, etc., with respect to 
fragmentation and heterogeneity. For exam- 
ple, populations of Spotted Owls may be able 
to maintain stationary populations in frag- 
mented landscape, but are they bolstered by 
outside recruitment? 
Is timber harvesting compensatory or addi- 
tive with natural disturbance regimes, such 
as fire? Since fire suppression, timber har- 
vesting has become the dominant disturbance 
causing fragmentation and heterogeneity on 
landscapes occupied by Spotted Owls. To be 
completely compensatory, timber harvesting 
activities would have to impact forests in the 
same manner as fire, and to be completely 
additive, timber harvest would have to im- 
pact the landscape in a manner very different 
from fire. Aside from any geochemical dif- 
ferences, the effects of timber harvesting on 
the landscape probably lie somewhere be- 
tween these two extremes. Here, we use the 
terms compensatory and additive similarly to 
those used in waterfowl harvest (Nichols et 
al. 1984). The degree to which timber harvest 
and fire disturbance affect landscapes occu- 
pied by Spotted Owls is crucial to under- 
standing land management options and po- 
tential strategies. For example, Weatherspoon 
et al. (1992) argue that a management policy 
of allowing forest succession to proceed un- 
interrupted by periodic natural disturbance 
would likely lead to habitat degradation for 
California Spotted Owls rather than toward 

biologically healthy and diverse systems. 
Rather, they argue management should use 
natural processes as a guide to management. 

RECOMMENDATIONS FOR FUTURE ANALYSES OF 
FRAGMENTATION EFFECTS ON SPOTTED OWLS 

Given the limitations with extant data on stud- 
ies of fragmentation/landscape characteristics of 
Spotted Owls we encountered, we recommend 
the following: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Development of stronger theoretical/analyti- 
cal basis for studies of fragmentation using 
simulation to understand how fragmentation 
indices relate to actual landscape configura- 
tions (Li and Reynolds 1994). 
Testing of predictions from simulation mod- 
els with empirical studies and exposition of 
explicit predictions from simulation models 
to allow for such empirical testing. 
Linkage of useful landscape metrics with life 
history traits, particularly survival, reproduc- 
tion, and juvenile dispersal. 
Inclusion of alternative hypotheses that in- 
clude a range of effects from positive to neg- 
ative in terms of fragmentation and hetero- 
geneity. 
Reporting of mean and standard deviations of 
landscape metrics used to characterize Spot- 
ted Owl habitats. 
Consistent reporting of useful metrics even if 
other, better techniques are developed (i.e., 
researchers should continue to use a baseline 
of metrics even if they use novel or addition- 
al metrics). This has become standard prac- 
tice with studies of Spotted Owl home range 
where the Minimum Convex Polygon is con- 
sistently used in addition to other estimators 
even though scientists recognize that it is of- 
ten biased. 
Peer referees and editors should recognize 
the utility and necessity of publishing studies 
replicating earlier research on the same topic. 
Clearly, higher standards can be incorporated 
into replicated studies by sample size require- 
ments (subsequent studies should have a larg- 
er or “better” sample than earlier studies), 
and geographic representation of sampling 
(studies in areas where there have not been 
studies previously executed). 

We believe that these few recommendations will 
lead to stronger inference regarding the effect of 
habitat fragmentation on Spotted Owls. Further, 
we think these recommendations may serve to 
advance the understanding of fragmentation on 
other bird species and the effects of fragmenta- 
tion on species in general. 
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APPENDIX 1 

META-ANALYSIS AND HABITAT METRICS 

For each metric measured in each study, we esti- 
mated an effect size (d) as: 

G= x --x * 
s 

(Hunter and Schmidt 1990:271) where .a?, and X, are 
the estimated mean from occupied and random sites, 
respectively, and s is the estimated pooled standard 
deviation, calculated as: 

(Hunter and Schmidt 1990:271) where II,>, n,, iO, and 
$r are the sample sizes and standard deviations, re- 
spectively, for occupied and random sites within each 
study. In one case (Lemkuhl and Raphael 1993), stan- 
dard deviations were not available so we estimated ef- 
fect size between metrics from reported F-statistics 
(Wolf 1986:35) as: 

2x‘& 
d=- 

<’ 

We estimated a cumulative effect size (2; sensu RO- 
senberg et al. 2000) across studies as: 

where k is the number of studies, 2, ise effect size 
for the kth study, and w1 = l/[e&,,,,, + var(d)l and the 
sampling variance for d as: 

&r(i) = -$ 

Z w, 

(2) 

after Burnham et al. (1987:260-266). In this analysis, 
we partitioned process variance (a&,,,; the variation 
across studies) in each metric from the sampling var- 
iance associated with estimating the 2 for each study. 
We estimated process variation by iteratively solving: 

after Burnham et al. (1987:260-266). Equations (1) 
and (2) w$re solEd gimultaneously with equation (3) 
to obtain d and var(d). These procedures were similar 
to those proposed by Rosenberg et al. (2000) for ran- 
dom effects modeling of d. To assess the spatial vari- 
ability in metrics across studies, we used a coefficient 
of process variation (CV,,,,,,,) estimates as: 

The sampling variance for 2 was estimated (Hunter 
and Schmidt 1990) as: 

cv,,,,,,,, = a,,,,,, 
d 








