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In spatially-structured populations, distributional dynamics are driven by the quantity,
connectivity, and quality of habitat. Because these drivers are rarely measured directly and
simultaneously at relevant scales, information on their relative importance remains unclear. I
assessed the influence of both direct and indirect measures of local habitat quality, and of
landscape habitat amount and connectivity on long-term territory occupancy dynamics of non-
migratory pygmy-owls. Direct measures of local habitat quality based on territory-specific
reproductive output had greater effects on distribution than landscape factors, but only when
spatiotemporal fluxes in performance linked to environmental stochasticity and intraspecific
competition were considered. When habitat quality was measured indirectly based on habitat
structure, however, landscape factors had greater effects. Although all landscape factors were
important, measures of landscape connectivity that were uncorrelated with habitat amount and
based on attributes of matrix structure and habitat configuration that influence dispersal
movements had greater effects than habitat effective area (amount weighted by quality).
Moreover, the influence of connectivity but not habitat effective area depended on local habitat
quality. Such results suggest the relative importance of local habitat quality in driving
distribution has been underestimated and that conservation strategies should vary spatially

depending on both local and landscape contexts.

1. Introduction

Understanding processes that drive the distribution and persistence of animal populations is a
core aspect ofecology with major implications for conservation. In spatially-structured
populations that occupy habitat networks distinct from an intervening matrix of non-habitat,

distributional dynamics are driven by the quantity, connectivity, and quality of habitat [1-3].



Consequently, habitat loss, habitat fragmentation, and habitat degradation are among the
foremost threats to populations and biodiversity worldwide [4]. Addressing these threats requires
understanding the relative and combined effects of those drivers across contexts and scales, so
that conservation strategies can be focused on the most threatening processes [5].

Studies of spatially-structured populations have produced a vast body of work on how habitat
amount and connectivity influence distributional dynamics often at large spatial scales [2,6,7].
Collectively, these studies show that the effects of habitat amount often exceed those of
connectivity, that habitat connectivity depends on how matrix structure and landscape habitat
configuration affect movement and colonization, and that habitat fragmentation per se (e.g.,
breaking apart of habitat independent of amount) can have positive or negative effects depending
on the context [3,8,9]. Despite these general patterns, understanding the independent and relative
influence of habitat amount and connectivity has been challenging for several reasons. First,
because habitat often becomes less fragmented as habitat amounts increase, and because
immigration rates are higher in landscapes with more habitat and thus more potential colonists,
inferences on the effects of each factor are often confounded [8-12]. Second, because movement
behaviors are species specific and difficult to observe, functional landscape connectivity can be
challenging to measure precisely especially when matrix structure is ignored [3,13,14]. Finally,
because habitat is typically comprised of numerous resources and conditions that depend on the
focal species, habitat can be difficult to delineate from non-habitat based on human-defined
landcover types and the habitat-patch concept that dominates many approaches [12,15].

The influence of habitat quality on distributional dynamics has received increasing attention
recently but often only at local scales [16,17]. Although initially assumed to be homogenous,

increasing numbers of studies within the framework of the metapopulation paradigm show that



aspects of habitat heterogeneity can have important and sometimes greater influence on
distribution than habitat amount or connectivity [18-20]. Most studies however, consider
elements of habitat structure that are presumably linked to habitat quality given the biology ofa
system, or rarely, density of a focal species rather than direct measures of quality based on vital
rates [20, but see 21]. Because habitat quality represents habitat-specific population growth rates
that depend on the reproduction and survival of individuals in a specific habitat, and because
density can be a misleading indicator of habitat quality [22-24], our understanding of the relative
importance of various distributional drivers and the implications for management remains
unclear [25]. Moreover, habitat quality at a given point in space can fluctuate across time due to
environmental stochasticity and variation in conspecific densities [26,27], but such
spatiotemporal fluxes in quality are rarely considered despite evidence they influence
distribution [28,29]. Regardless, by influencing the attractiveness of space to individuals and
their demographic contribution to populations, habitat quality should affect distribution at a
range ofscales [18,30]. Further, if animals can target high-quality habitat during dispersal where
they persist longer, the effects of landscape habitat connectivity may depend on local habitat
quality [31]. Thus, despite a strong theoretical basis, our understanding of the influence of
habitat quality per se on the dynamics of spatially-structured populations remains incomplete.
Integrating aspects of habitat selection theory and more species-centered approaches into
studies of spatially- structured populations can enhance our understanding of distributional
dynamics [15,25,32]. This is because when the quantity, configuration, and quality of habitat are
defined explicitly from the perspective ofa focal species, and attributes of landscape structure
known to affect movements index connectivity, the influence of various distributional drivers

should be more detectable and precise [25,33]. In explaining how environmental variation at



small spatial scales affects settlement choices by individuals, habitat selection theory predicts
that habitat quality drives distribution because such choices have major fitness consequences
[34]. Hence, animals are thought to select territory patches (habitat patches large enough to
support a breeding pair) in an ideal manner so that distribution precisely reflects habitat quality
[35]. Field studies generally conform to that ideal expectation because when the proportion of
years a territory is occupied is plotted against estimates of its quality, there is virtually always a
positive relationship [36,37]. Nonetheless, there are also distributional mismatches characterized
by territories with lower or higher use than expected based on their quality. Although
explanations of these mismatches include local, and rarely, landscape processes [37], our
understanding of their relative roles is limited. At small scales, perceptual errors in assessing
quality can decouple settlement choices from their fitness consequences and create non-ideal
distribution patterns if: (1) cues used by animals to assess habitat quality are unavailable, (2)
future conditions associated with cues are not realized due to environmental stochasticity, or (3)
evolutionarily novel cues promote poor choices [38,39]. As scale increases from groups of
nearby territory patches to complex landscapes, however, constraints on detecting high-quality
patches, fitness tradeoffs associated with colonizing them, or regional abundances ofpotential
colonists may cause some patches to be occupied more or less than expected based on their
qualities [40,41].

Here, I evaluate hypotheses derived from first principles of spatially-structured population
biology and habitat selection theory to explain long-term territory occupancy dynamics of non-
migratory, ferruginous pygmy-owls (Glaucidium brasilianum). First, [ assessed the degree to
which occupancy dynamics matched ideal expectations from habitat selection theory, and how

spatiotemporal fluxes in quality driven by environmental stochasticity and variation in local



conspecific densities influenced that relationship. Next, I assessed the influence of landscape
habitat amount, habitat effective area (amount weighted by quality), matrix structure, and habitat
configuration, and whether associations depended on local factors. Finally, I compared relative
effect magnitudes of local and landscape factors, and of direct and indirect estimates of local
habitat quality. To address those questions, I delineated habitat based on observed patterns of
space use by owls, and considered direct measures of habitat quality based on territory-specific
reproductive output monitored over 10 years. Moreover, I quantified matrix structure and habitat
configuration based on landscape attributes known to influence movement behavior, and
assessed the independent effects of habitat amount and connectivity by considering metrics that

were uncorrelated.

(a) Hypotheses

Ifanimals distribute themselves ideally in space, then variation in occupancy should precisely
reflect habitat quality. Thus, the habitat-quality hypothesis states that spatial variation in
important resources that drive individual performance explains distribution and predicts positive
associations between occupancy probability and habitat quality. When this expectation is not
met, three general explanations of distributional mismatches exist: (1) animals make errors
assessing habitat quality, (2) researchers estimate habitat quality inaccurately, or (3) landscape
factors influence distribution. If animals make errors assessing quality, cues that promote
settlement may not be well matched with their fitness consequences for at least two reasons.
First, the environmental-stochasticity hypothesis states unpredictable events such as harsh
weather, which can temporarily reduce performance even in otherwise good habitat, explain

distribution, and predicts estimates of habitat quality adjusted for the effects of weather and



temporal variation in primary productivity better explain distribution. Second, the ecological-
trap hypothesis states evolutionarily novel cues created by humans [39] explains distribution,
and predicts prevalence of traps increases with anthropogenic disturbance within territories. If
researchers estimate quality inaccurately, one possibility is the density-dependence hypothesis,
which states the negative influence of intraspecific competition must be considered, and predicts
estimates of habitat quality adjusted for the effects of local conspecific densities better explain
distribution. If landscape factors drive distribution, several additional non-mutually exclusive
explanations are possible. If populations occupying adjacent landscape habitat influence local
colonization and extinction probabilities, or if individuals preferentially settle near conspecifics,
the habitat-amount hypothesis states the area or effective area [sensu 42] of landscape habitat
explain distribution, and predicts positive associations between occupancy probability and
landscape habitat amount. If movement and colonization are influenced by landscape structure,
the matrix-structure hypothesis states matrix attributes that influence movement explain
distribution, whereas the habitat-configuration hypothesis states that habitat fragmentation
explains distribution, with predictions varying depending on the functional forms of these
relationships. Finally, if habitat configuration is important only below some threshold in habitat
amount (nonlinear-configuration hypothesis, [43]), interactions between those factors explain
distribution. More broadly, if patch choices by individuals or local extinction probabilities
depend on landscape context, interactions between local and landscape factors explain

distribution.



2. Material and methods

(a) Study system

Ferruginous pygmy-owls are residents across the lowland Neotropics. In the Sonoran Desert,
territories include riparian woodlands, one or more saguaro cacti (Carnegiea gigantea) that
provide nest cavities, and uplands ofdesert-scrub or semi-desert grassland. Thus, as in many
systems, habitat consists of multiple vegetation types, is difficult to delineate into discrete
patches based on human-defined landcover types, and is best defined by how individuals utilize
and partition space across time. Important properties of this system include: (1) nearly perfect
detection probability when estimating occupancy with standardized survey methods [44], (2)
variable but relatively low amounts of landscape habitat that make connectivity relevant to
distribution [43], and (3) high levels of natural and anthropogenic habitat fragmentation.
Moreover, because landscape structures such as large vegetation gaps affect dispersal

movements and colonization success [45], they should also influence distribution.

(b) Design

I considered a sample of territory patches of varying quality that were imbedded in numerous
landscapes of varying structure across a large region of northwest Mexico (Fig. S1). To delineate
territories, I surveyed transects near random and non-random points in years 2000 and 2001, and
searched for nests along occupied transects until I located nests of most individuals [44]. From
2002-2011 and in 2013, I surveyed areas around nests (or occupied areas if nests were not
located initially) from prior years, and through 2010 searched for nests exhaustively at occupied

sites. To delineate territory patches, I plotted nest coordinates across time, identified clusters of



use in space, and placed 399-mradius circles (50 ha) around average coordinates of each cluster,
which are similar in area to breeding territories [27]. This approach allowed easy identification
of habitat across a broad gradient of qualities because distributions of potential nests were
clumped, owls used the same general areas over time, and abundance peaked during early years
[46] when presumably most habitat was occupied. I defined landscapes by placing 5-km radius
plots around patches, which is an appropriate landscape scale given observed dispersal distances
(median=5.0 km; range=1.1-19.2) and density-dependent habitat selection and gap avoidance

during dispersal [45,47].

(c) Local factors

I measured habitat quality by monitoring annual reproductive output (R; no. of young survived to
within 1 week of fledging) in each occupied territory over 10 years. Although R is only one
component of territory-specific population growth rate (Ay), it provides a useful index of habitat
quality because R was highly correlated with adult and juvenile survival in a subset of territories
I monitored intensively, and because in similar systems adult survival is high and nearly constant
except at low A, which is highly correlated with R [26,27]. Thus, I measured habitat quality by
modeling the effects of habitat resources, stochastic factors (weather and primary productivity),
and local conspecific densities on R, which I quantified in and around each territory over time in
a separate study (Appendix S1). This approach yielded precise predictions of R that could be
achieved by individuals in each territory based on the observed effects of those factors, and
inferences to territories that were rarely occupied and to the quality of landscape habitat. In this
system, R increases with nest-site abundance and woodland aggregation within territories,

woody vegetation cover has increasingly positive effects as nest-site abundance increases, R



declines with increasing hot dry conditions and local conspecific densities, and anthropogenic
disturbance surrounding territories has no influence [27].

Most studies of the influence of'local and landscape factors on distribution measure habitat
quality indirectly based on habitat structure, which could underestimate its importance [20].
Thus, I compared the influence of direct measures of habitat quality based on R with indirect
measures based on habitat structure. In this system, owls select nest areas with higher abundance
of potential nest cavities and greater woody vegetation cover [48], which I measured in each

territory and computed an index of quality by summing standardized values.

(d) Landscape factors

To quantify habitat amount, I used data on owl, woodland, and saguaro distribution to estimate
the number of actual or potential territory patches within landscapes. To quantify woodland
cover, I used 30-m-resolution Landsat imagery and classified pixels withi20%  woody cover as
woodland [27]. These data enabled easy estimation of habitat amount because woodlands were
often arranged linearly along drainages and only areas with woodlands and saguaros provide
habitat. To quantify habitat effective area, I multiplied habitat amount by the quality of landscape
habitat and scaled by maximum quality [42]. To estimate landscape habitat quality, I used the
same model-based approach from local scales but based predictions on habitat covariates
measured within landscapes. To quantify matrix structure and habitat configuration, I used data
obtained while tracking dispersing radio- marked pygmy-owls to ensure landscape attributes I
considered were linked to functional connectivity. Dispersing pygmy-owls fly short distances
from tree to tree, avoid large vegetation gaps such as major roadways and agricultural fields, and

colonization success declines as anthropogenic landscape disturbance increases [45]. Thus, to
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quantify matrix structure, I used satellite imagery and computed the area, edge length, and
largest patch indices (% landscape of largest patch) of three landcover types representing
disturbance (agriculture/other man-made vegetation clearing, housing/urban development,
roadway corridor). To quantify habitat configuration, I measured an index of woodland
aggregation termed the “clumpiness” index that ranges from -1 (maximal fragmentation) to 1
(maximal aggregation) [49]. I used program Fragstats [49] to estimate landscape metrics.
Importantly, landscape metrics were largely uncorrelated, and attributes of matrix structure and

landscape habitat configuration were uncorrelated with estimates of local habitat quality (Fig.

32).

(e) Statistical analyses

I developed statistical models to represent hypotheses and used Bayesian information criterion
(BIC) to evaluate support among models. To represent distributional dynamics, I used a binomial
response equaled to the number of years a territory was occupied divided by the number of years
it was surveyed. To represent the habitat-quality hypothesis, I used predictions of R that
considered the estimated effects of important resources as an explanatory factor. To represent the
stochasticity and density-dependence hypotheses, I used predictions of R that considered the
estimated effects of important resources and either stochastic factors or local conspecific
densities. Because the influence of resources, stochastic factors, and conspecifics on R interact in
complex ways [26,27], I also considered predictions based on the multiplicative effects of those
factors. For the habitat-amount hypotheses, I considered estimates of habitat amount and habitat
effective area, and used the top-ranked model. To assess the matrix-structure hypothesis, I fit

models with each matrix factor alone, combinations of factors, and used the top-ranked model.
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To fit models, I used mixed-effects logistic regression for binomial counts and the Ime4
library in R [50]. To adjust for correlations among nearby territories, I assigned territories to
regions based on their proximity and fit region as a random intercept. Variograms confirmed
residuals were not spatially autocorrelated. As a modeling strategy, I first considered the effects
of local factors, and then evaluated combined effects. In modeling local factors, I first considered
the habitat, stochasticity, and density-dependence hypotheses to identify the best overall
predictor of occupancy dynamics, then considered the trap hypotheses. To model landscape
factors, I considered each hypothesis separately and additive combinations of hypotheses. To
evaluate the combined effects of local and landscape factors, I considered the best model of local
factors with all possible additive and interactive combinations of factors from supported
landscape models. To assess relative effect magnitudes of local and landscape factors, and of
direct and indirect measures of local habitat quality, I compared standardized regression
coefficients. Because connectivity was represented by multiple factors, I summed their
standardized values before comparing standardized coefficients to evaluate the overall

importance of connectivity versus habitat quality and amount.

3. Results

I monitored 112 territory patches in 29 regions for anaverage of 10.2+0.2 (+SE; range = 2-12)
years following their year of initial detection. On average, patches were occupied for 6.1+0.3
years (range = 1-12). Habitat amounts ranged from 1-17% of landscapes (meantSE = 6.9+0.4%),
anthropogenic disturbance ranged from 0-29% of landscapes (4.5+£0.5%), and local habitat

quality ranged from 0.9-4.0 young produced/year (2.7+0.1).
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(a) Local effects

Occupancy increased with all measures of local habitat quality in the predicted direction (Fig. 1).
Occupancy was best explained, however, by direct measures of quality that considered the
interactive effects of important resources, stochastic factors, and local conspecific densities on R
(Table S3). In contrast, support for the influence of important habitat resources alone on R was
low (ABIC = 5.27) and considering spatiotemporal fluxes linked to stochastic factors and
intraspecific competition greatly improved correspondence between observed and ideal
distribution patterns (Fig. 1). Despite strong positive associations with occupancy (f+SE =
0.18+0.06), there was no support for a model that included indirect measures of habitat quality

based on habitat structure. There was also no support for the ecological-trap hypothesis.

(b) Landscape effects

Occupancy varied markedly with all landscape factors (Fig. 1). Evidence for the habitat-amount
hypothesis was strongest overall and better represented by habitat effective area than by
unadjusted estimates of habitat amount (ABIC = 4.71) because occupancy increased with the
quality of landscape habitat at greater rates where habitat was common (Fig. 1). Matrix structure
and habitat configuration had significant effects on occupancy that did not depend on habitat
amount (Table S3). Occupancy decreased as area of agriculture (/+=SE = -0.068+0.027) and of
the largest roadway corridor (-0.74+0.38) increased within landscape, but decreased as

woodlands became increasingly aggregated (-2.8+1.3).
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(c) Integrated effects

When considered together, local habitat quality and landscape habitat effective area, matrix
structure, and habitat configuration all had significant effects on occupancy dynamics (Table 1).
Evidence for cross-scale interactions between local habitat quality and both matrix structure and
landscape habitat configuration was high, whereas habitat effective area had positive effects
regardless of local habitat quality (Table 1, Fig. 2). As area of landscape agriculture increased,
occupancy of low-quality patches declined at a much greater rate than those of moderate quality,
whereas occupancy of high-quality patches increased (Fig. 2). As woodlands became
increasingly aggregated within landscapes, occupancy of low-quality patches increased, whereas
occupancy of high-quality patches decreased.

Relative effect magnitudes of local and landscape factors depended on the processes and
measurement procedure considered. When local habitat quality was measured directly based on
the influence of resources, stochastic factors, and conspecifics on R, the effect of habitat quality
was 1.5-times greater than habitat effective area and >2-times greater than elements of matrix
structure or habitat configuration (Table 2). When local habitat quality was measured directly
based only on the influence of resources, however, effect sizes declined to 1.2- and >1.7-times
greater, respectively. In contrast, when quality was measured indirectly based on habitat
structure, landscape habitat effective area had greater effects. Among landscape factors, the
influence of habitat effective area was 1.4-1.7-times greater than that of indices of matrix
structure or landscape habitat configuration. However, when all three factors representing

landscape connectivity were considered together, the effect of connectivity was 1.5-times greater
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than habitat effective area and only 6% lower than the best measure of local habitat quality

(Table 2).

4. Discussion

I integrated core aspects of habitat selection theory and spatially-structured population biology to
explain long-term territory occupancy dynamics of ferruginous pygmy-owls across broad
gradients in habitat quality and landscape structure. Although all landscape factors influenced
local occupancy, habitat effective area had greater effects than matrix structure or habitat
configuration, which corresponds generally with past studies [3,8,9]. When landscape
connectivity was measured based on all important elements of matrix structure and habitat
configuration combined, however, connectivity had greater effects than habitat effective area,
likely due to low amounts of landscape habitat and behavioral attributes of pygmy-owls.
Regardless, local habitat quality had greater effects than landscape factors, but only when quality
was measured directly based on fitness components and spatiotemporal fluxes in quality linked
to environmental stochasticity and intraspecific competition were considered. Moreover, there
was also evidence the influence of landscape connectivity depended on local habitat quality
suggesting important cross-scale interactions. Although the relative influence of landscape
factors could vary somewhat with spatial scale and based on more direct measures of actual
functional connectivity, my findings indicate important roles of local and landscape processes in
driving distribution, and suggest the influence of local processes are mediated by landscape
context. Importantly, because measures of habitat configuration were uncorrelated with habitat
amount, and because local habitat quality is not influenced by [27] or correlated with (Fig. S2)

adjacent matrix structure or landscape habitat configuration, and only weakly correlated with
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landscape habitat amount, inferences I report are largely unconfounded. To my knowledge, this
is the first study to compare the relative influence of local habitat quality, and of landscape
habitat effective area, matrix structure, and habitat configuration on distributional dynamics
based on direct measures of the fitness potential of space to individual animals.

Habitat selection theory is based on the expectation that patch choices by individuals are
adaptive and driven by the fitness potential of space [34,35]. Hence, habitat patches that confer
the highest fitness on occupants are thought to be selected first and used more consistently across
time so that distribution precisely reflects patch quality. Although distribution patterns often
conform generally to this ideal expectation, mismatches characterized by patches with lower or
higher use than expected based on their qualities are common in nature [36], and were clearly
evident here. Such mismatches are not merely theoretical curiosities because management efforts
that reduce them can augment population growth rates and thus conservation prospects [37].
Whereas natural selection should enhance the ability to accurately assess habitat quality,
settlement choices are often triggered by cues associated with future conditions that may not be
realized due to environmental stochasticity, especially in seasonal environments [38]. In the
Sonoran Desert, pygmy-owls select territories with high woody vegetation cover because it
provides habitat for prey and amplifies the benefits of favorable weather on reproduction [27].
Hot dry conditions, however, reduce both prey abundance and activity and can cause poor
performance during some years in otherwise good habitat [27], and drive population declines
[46]. Thus, considering spatiotemporal fluxes in habitat quality due to weather and the
interactive effects of weather and resources better explained distribution. Although

evolutionarily novel cues created by humans can promote selection of poor habitat [39], there
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was no evidence of this behavior likely because most owls occupied areas with little
anthropogenic modification.

Distributional mismatches can also result from inaccurate measurements of habitat quality by
researchers. The influence of conspecifics, for example, is rarely considered when estimating
habitat quality despite broad recognition that individual performance is density dependent.
Moreover, because the negative influence of conspecifics often declines as resource quality
increases, and because intraspecific competition can mediate the influence of weather on
performance [27,51], considering these relationships best explained variation in space use across
time. Because habitat quality represents individual contributions to population growth from a
specific habitat [23,26], considering both reproduction and survival should provide even higher
conformance with ideal expectations than observed here.

Studies of spatially-structured populations indicate important effects of habitat amount and
sometimes connectivity on distributional dynamics at scales often larger than individual territory
patches [2,8,9]. Hence, when processes that drive distribution are integrated across scales and
viewed from a behavioral perspective, landscape attributes should influence distribution at local
scales and help explain patterns of non-ideal habitat selection that are suggested by distributional
mismatches. This is especially true for populations occupying complex landscapes where habitat
varies widely in quality, quantity, and configuration, and is surrounded by matrices of varying
permeability to organisms [2,13]. In such cases, perceptual barriers, dispersal limitation, fitness
trade-offs associated with movement, and abundances ofpotential colonists at larger scales, can
influence distribution independent of local processes [40,41]. Accordingly, all landscape
attributes I considered had important effects on occupancy, even after controlling for local

factors. Habitat amount, however, had greater effects than elements of matrix structure or habitat
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configuration, and was best represented by habitat effective area likely because it scales habitat
quantity by overall landscape quality thus better representing abundances of potential colonists
[52]. Because habitat effective area is closely linked to carrying capacity, and because
production of new individuals occurs only within habitat, habitat amount often has greater effects
on distribution than connectivity [3,11]. Nonetheless, when important attributes of matrix
structure (roadway size, agricultural area) and habitat configuration (woodland aggregation)
were considered together to index overall connectivity, that index had greater relative effects
than habitat effective area. Although connectivity is typically measured with greater uncertainty
than habitat amount [3,53], connectivity should be generally important in systems where
landscape habitat is limited in area, highly fragmented, and landscape structure influences
dispersal movements [8,43,54,55]. In this system, habitat comprises relatively small proportions
of landscapes (<17%) and is fragmented naturally by moisture and topographic gradients and
anthropogenically by disturbance in important wooded bottomlands. Additionally, as for other
species of non-migratory woodland birds, dispersing pygmy-owls rarely leave areas of dense
cover, fly short distances under but not over canopy trees, and movements and colonization
success are affected by large vegetation gaps such as agricultural fields [45,55]. These factors
and the ability of more dispersed woodlands to better foster dispersal, explain why increasing
woodland fragmentation largely had positive effects and the broader significance of landscape
connectivity in this system.

My findings add to a small but growing literature indicating the influence of landscape
connectivity depends on local processes [28,31]. The effects of matrix structure and landscape
habitat configuration on occupancy depended on local habitat quality, whereas increasing habitat

amount had the same positive effect on occupancy at all levels of local habitat quality. Because
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dispersers may have the ability to target high-quality habitat where they often persist longer, the
influence of connectivity may generally depend on local processes. In this system, occupancy
declined markedly with increasing area of agriculture within landscapes, but only in low-quality
territories where lower colonization rates likely fail to keep pace with higher local extinction
rates. Although habitat fragmentation can have positive or negative influences on distribution
[8], which were positive on average here, associations with fragmentation were negative in low-
quality habitat and positive in high-quality habitat likely due variation in extinction and
colonization rates.

The ability of local habitat quality to explain distributional dynamics depended on how it was
defined and measured. When habitat quality was measured indirectly based on important
attributes of habitat structure, landscape factors had greater relative effects on distribution.
However, when quality was measured directly based on the influence of habitat resources,
stochastic factors, and conspecifics on territory-specific reproductive output, the effect of habitat
quality nearly doubled and was greater than landscape factors. Because habitat quality depends
on how the environment affects the vital rates of individuals occupying a specific habitat [26],
fitness components are essential for quantifying habitat quality and evaluating its role in driving
distribution [25]. Nonetheless, because virtually all studies of the relative influence of'local and
landscape factors on distribution measure the quality of local focal patches and regional source
patches indirectly [18,20,31], likely due to logistical constraints, its overall role in driving
distribution has likely been underestimated.

Animal distribution patterns represent sums of individual choices projected onto landscapes
[32]. Thus, explaining distributions depends on understanding how settlement choices by

individuals are mediated by landscape context. Although efforts to integrate behavioral and
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landscape approaches for explaining distribution are not new, few studies consider scales
relevant to individual animals [15,25]. From a landscape perspective, general support for the
importance of habitat amount and connectivity provide a useful framework to explain
distributions, but that generality may limit more mechanistic understandings. From a behavioral
perspective, variation in habitat quality should influence patch choices because high-quality
habitats confers greater fitness on occupants, which affects distributions across scales. This is
because by augmenting population growth rates and attracting more immigrants, high-quality
habitats have lower extinction probabilities, contribute more individuals to regional populations,
and enhance colonization prospects.

As threats to biodiversity accelerate, identifying key factors that drive distribution and the
spatial scales at which they operate is critical for guiding conservation [5,25]. My results suggest
augmenting local habitat quality will be more efficient for promoting occupancy than
management focused only on landscape factors, especially given potential for lower economic
costs. Landscape factors, however, had major effects on distribution that sometimes depended on
local habitat quality, indicating managers must also consider landscape context. Thus,
augmenting amounts of high-quality habitat in landscapes where habitat is accessible to
individuals should bolster occupancy the most while also promoting colonization at larger scales.
Moreover, simultaneously augmenting both local habitat quality and landscape connectivity
could have multiplicative benefits. In contrast, strategies focused only on matrix structure or
habitat configuration are likely to be less efficient, except in situations where anthropogenic
habitat loss and fragmentation have created population networks close to extinction thresholds,
where restoring connectivity may be critical [3,54]. For pygmy-owls, this may be the case in the

adjacent USA where populations have declined markedly, high-quality habitat in many large
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wooded bottomlands has been lost, remaining habitat patches on outwash plains are typically
smaller, more isolated, and of lower quality, and transboundary development is degrading
connectivity with larger populations in Mexico [45,46]. Determining optimal levels of habitat
quality, quantity, and connectivity across systems and contexts, and integrating those targets with

economic and social considerations are vital questions for conservation.

Data accessibility. The dataset supporting this article can be accessed in the following digital

repository: 10.6084/m9. figshare.4290377

Authors’ contributions. Not applicable

Competing interests. I have no competing interests.

Funding. National Park Service, Tucson Audubon Society, T&E Inc., Defenders of Wildlife,
Center for Biological Diversity, U.S. Fish and Wildlife Service, Sonoran Joint Venture, Arizona
Zoological Society, and Sierra Club.

Acknowledgements. I thank D. Armstrong, M. Hebblewhite, R. Hutto, W. Lowe, P. Lukacs, J.
Maron, and A. Mortelliti for reviews, W.van Leeuwen, K. Hartfield, and A. Swanson for

landscape measurements and programming assistance, and R. Hutto for mentorship.

References

1. Andrewartha HG, Birch LC. 1954 The distribution and abundance of animals. Chicago,
IL: University of Chicago Press.
2. Hanski 1., Gaggiotti OE. 2004 Ecology, genetics and evolution of metapopulations.

Elsevier Academic Press.

21


https://dx.doi.org/10.6084/m9.figshare.4290377�

10.

11.

12.

Hodgson JA, Thomas CD, Wintle BA, Moilanen A. 2009. Climate change, connectivity
and conservation decision making: back to basics. J. Appl. Ecol. 46, 964-969.

Fischer J, Lindenmayer DB. 2007 Landscape modification and habitat fragmentation: a
synthesis. Global Ecol. Biogeogr. 16, 265-280.

Lindenmayer DB, Fischer J. 2007 Tackling the habitat fragmentation panchreston.
Trends Ecol. Evol. 22, 127-132.

Gilpin M, Hanski I. 1991 Metapopulation dynamics: Empirical and theoretical
investigations. London: Academic Press.

Wiens JA. 1997 Metapopulation dynamics and landscape ecology. In Metapopulation
biology: ecology, genetics, and evolution (eds I Hanski, ME Gilpin). pp. 43—62. London:
Academic Press.

Fahrig L. 2003 Effects of habitat fragmentation on biodiversity. Annu. Rev. Ecol. Evol. S.
34, 487-515.

Prugh LR, Hodges KE, Sinclair, ARE, Brashares JS. 2008 Effect of habitat area and
isolation on fragmented animal populations. Proc. Natl. Acad. Sci. USA 105, 20770-
20775.

Harrison S, Bruna E. 1999 Habitat fragmentation and large-scale conservation: what do
we know for sure? Ecography 22, 225-232.

Hanski I, Ovaskainen O. 2000 The metapopulation capacity ofa fragmented landscape.
Nature 404, 755-758.

Fahrig L. 2013. Rethinking patch size and isolation effects: the habitat amount

hypothesis. J. Biogeogr. 40, 1649-1663.

22



13.

14.

15.

16.

17.

18.

19.

20

21.

Ricketts TH. 2001 The matrix matters: effective isolation in fragmented landscapes. Am.
Nat. 158, 87-99.

Watling JI, Nowakowski AJ, Donnelly MA, Orrock JL. 2011 Meta-analysis reveals the
importance of matrix composition for animals in fragmented habitat. Glob. Ecol
Biogeogr. 20, 209-217. (doi:10.1111/j.1466-8238.2010.00586.x)

Wiens JA, Stenseth NC, Van Horne B, Ims RA. 1993 Ecological mechanisms and
landscape ecology. Oikos 66, 369-380.

Schooley RL, Branch LC. 2007 Spatial heterogeneity in habitat quality and cross-scale
interactions in metapopulations. Ecosystems 10, 846-853.

Heinrichs JA, Bender DJ, Schumaker NH. 2016 Habitat degradation and loss as key
drivers of regional population extinction. Ecol. Modelling 335, 64-73.

Thomas JA, Bourn NAD, Clarke RT, Stewart KED, Simcox J, Pearman GS, Curtis R,
Goodger B. 2001 The quality and isolation of habitat patches both determine where
butterflies persist in fragmented landscapes. Proc. Roy. Soc. Lond. B. 268, 1791-1796.
Fleishman E, Ray C, Sjogren-Gulve P, Boggs CL, Murphy DD. 2002 Assessing the roles
of patch quality, area, and isolation in predicting metapopulation dynamics. Conserv.
Biol. 16, 706-716.

Mortelliti A, Amori G. Boitani L. 2010 The role of habitat quality in fragmented
landscapes: a conceptual overview and prospectus for future research. Oecologia 163,
535-547.

Franken RJ, Hik DS. 2004 Influence of habitat quality, patch size and connectivity on

colonization and extinction dynamics of collared pikas. J. Anim. Ecol. 73, 889-896.

23



22.

23.

24.

25.

26.

27.

28.

29.

30.

Van Horne B. 1983 Density as a misleading indicator of habitat quality. J. Wildl. Manag.
47, 893-901.

McGraw JB, Caswell H. 1996 Estimation of individual fitness from life-history data. Am.
Nat. 147, 47-64.

Johnson MD. 2007 Measuring habitat quality: a review. Condor 109, 489-504.
Armstrong DP. 2005 Integrating the metapopulation and habitat paradigms for
understanding broad-scale declines of species. Conserv. Biol. 19, 1402-1410.

Franklin AB, Anderson DR, Gutierrez RJ. Burnham KP. 2000. Climate, habitat quality,
and fitness in northern Spotted Owl populations in northwestern California. Ecol.
Monogr. 70, 539-590.

Flesch AD, Hutto RL, van Leeuwen WJD, Hartfield K, Jacobs S. 2015 Spatial, temporal,
and density-dependent components of habitat quality for a desert owl. PLOS ONE 10,
e0119986.

Hodgson JA, Moilanen A, Thomas CD. 2009 Metapopulation responses to patch
connectivity and quality are masked by successional habitat dynamics. Ecology 90, 1608-
1619.

Fernandez N, Roman J, Delibes M. 2016 Variability in primary productivity determines
metapopulation dynamics. Proc. R. Soc. B 283, 20152998.
(http://dx.doiorg/10.1098/rspb.2015.2998)

Klok C, De Roos AM. 1998 Effects of habitat size and quality on equilibrium density and
extinction time of Sorex araneus populations. J. Anim. Ecol. 67, 195-209.

(doi:10.1046/3.1365-2656.1998.00186.x)

24



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jaquiéry J, Guelat J, Broquet T, Berset-Brandli L, Pellegrini E, Moresi R, Hirzel AH,
Perrin N. 2008 Habitat-quality effects on metapopulation dynamics in greater white-
toothed shrews. Ecology 89, 2777-2785.

Lima SL. Zollner PA. 1996 Towards a behavioral ecology of ecological landscapes.
Trends Ecol. Evol. 11, 131-135.

Betts MG, Fahrig L, Hadley AS, Halstead KE, Bowman J, Robinson W, Wiens JA,
Lindenmayer DB. 2014 A species-centered approach for uncovering generalities in
organism responses to habitat loss and fragmentation. Ecography 37, 517-527.

Fretwell SD, Lucas HL. 1970 On territorial behaviour and other factors influencing
habitat distribution in birds. 1. Theoretical development. Acta Biotheor. 19, 16-36.
Fretwell SD. 1972. Populations in a seasonal environment. Princeton, N.J: Princeton
University Press.

Sergio F, Newton 1. 2003. Occupancy as a measure ofterritory quality. J. Anim. Ecol. 72,
857-865.

Burgess MD, Nicoll MAC, Jones CG, Norris K. 2008 Restricted dispersal reduces the
strength of spatial density dependence in a tropical bird population. Proc. R. Soc. B 275,
1209-1216.

Orians GH, Wittenberger JF. 1991 Spatial and temporal scales in habitat selection. Am.
Nat. 137, B9-S49.

Robertson BA, Hutto RL. 2006 A framework for understanding ecological traps and an
evaluation of existing evidence. Ecology 87, 1075-1085.

Morris DW. 1987 Spatial scale and the cost of density-dependent habitat selection. Evol.

Ecol. 1, 379-388.

25



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Pulliam HR. 2000 On the relationship between niche and distribution. Ecol. Lett. 3, 349-
361.

Hanski I. 1994 A practical model of metapopulation dynamics. J. Anim. Ecol. 63, 151-
162.

Andren H. 1994 Effects of habitat fragmentation on birds and mammals in landscapes
with different proportions of suitable habitat. Oikos 71, 355-366.

Flesch AD., Steidl RJ. 2007 Detectability and response rates of ferruginous pygmy-owls.
J. Wildlife Manag. 71, 981-990.

Flesch AD, Epps CW, Cain JW, Clark M, Krausman PR, Morgart JR. 2010 Potential
effects of the United States-Mexico border fence on wildlife. Conserv. Biol. 24, 171-181.
Flesch AD. 2014 Spatiotemporal trends and drivers of population dynamics in a declining
desert predator. Biol. Conserv. 175, 110-118.

Jackson HB, Fahrig L. 2012 What size is a biologically relevant landscape? Landsc. Ecol.
27, 929-941.

Flesch AD, Steidl RJ. 2010 Importance of environmental and spatial gradients on patterns
and consequences of resource selection. Ecol. Appl. 20, 1021-1039.

McGarigal K, Cushman SA, Ene E. 2012 FRAGSTATS: Spatial pattern analysis program
for categorical and continuous maps.
<http://www.umass.edu/landeco/research/fragstats/fragstats. html>.

R Core Development Team. 2013 R: a language for statistical computing. V.2.15.3.

Vienna, Austria.

26



51.

52.

53.

54.

55.

McLoughlin PD, Boyce MS, Coulson T, Clutton-Brock T. 2006 Lifetime reproductive
success and density-dependent, multi-variable resource selection. Philos. Trans. R. Soc.
Lond. B 273, 1449-1454.

Schooley RL, and Branch LC. 2011 Habitat quality of source patches and connectivity in
fragmented landscapes. Biodivers. Conserv. 20, 1611-1623.

Fletcher RJ, Burrell NS, Reichert BE, Vasudev D, AustinJD. 2016 Divergent
perspectives on landscape connectivity reveal consistent effects from genes to
communities. Cur. Landsc. Ecol. Rep., 1, 67-79.

Hanski, 1. 2015 Habitat fragmentation and species richness. J. Biogeogr. 42, 989-993.
Harris RJ, Reed JM. 2002 Behavioral barriers to non-migratory movements ofbirds. Ann.

Zool. Fenn. 39, 275-290.

27



Table 1. Models of the influence of local and landscape factors on territory occupancy dynamics of ferruginous pygmy-owls in northwest, Mexico
2001-2013. Estimates of local habitat quality considered the influence of important habitat resources, stochastic factors (weather and primary
productivity), and local conspecific densities on observed annual reproductive output within territory patches over 10 years. Landscape factors include

habitat effective area (amount weighted by quality), habitat configuration, and two attributes of matrix structure within surrounding landscapes.

Factors BIC ABIC wj;

Hab. Quality + Hab. Amount + Hab. Configuration 275.54  0.00 0.25

Hab. Quality + Hab. A mount + Matrix Structure 27558 0.04 0.24
Hab. Quality + Hab. A mount 277.05 1.51 0.12

Hab. Quality + Hab. Amount + Hab. Configuration + Matrix Structure

K
5
6

Hab. Quality + Hab. Amount + Hab. Quality x Hab. Configuration + Hab. Quality x Matrix Structure 9 276.07 0.53 0.19
4
7 277.65 211 0.09
6

Hab. Quality + Hab. Quality x Hab. Amount + Hab. Quality x Hab. Configuration 277.78 224 0.08
Hab. Quality + Hab. Quality x Hab. Amount + Hab. Quality x Hab. Configuration + Hab. Quality x Matrix Structure 10 280.77 523 0.02
Hab. Quality x Hab. A mount 5 28175 620 0.0l

Hab. Quality x Hab. Amount + Hab. Quality X Matrix Structure 8 28351 7.97 0.00
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Table 2. Standardized regression coefficients from models that described the influence of local and landscape factors on territory occupancy
dynamics of ferruginous pygmy-owls in northwest, Mexico 2001-2013. Columns show coefficients and standard errors from models based on
different definitions of local habitat quality. Indirect estimates were based on important attributes of habitat structure; direct estimates considered the
effects of important habitat resources only, and of habitat resources, stochastic factors, and local conspecific densities on observed reproductive

output. Model with all connectivity metrics combined considered the sum of standardized values of landscape habitat configuration and matrix

structure.
Indirect - Habitat Direct - Habitat Direct - H?b itat,
Structure Onl Stochastlg ity
Model v Conspecifics
Scale — Factor p SE p SE S SE
All metrics individually
Local - Habitat quality 0.191 0.086 0.319 0.075 0.360 0.076
Landscape - Habitat effective area (amount weighted by quality) 0.284 0.100 0.258 0.092 0.248 0.090
- Habitat configuration (clumpiness index) -0.149 0.097 -0.177  0.092 -0.146  0.089
- Matrix structure (largest road index) -0.137 0.088 -0.139  0.085 -0.151 0.084
- Matrix structure (area o f agriculture) -0.240 0.111 -0.188 0.103 -0.177 0.100
Connectivity metrics combined
Local - Habitat quality 0.194 0.090 0.320 0.075 0.362 0.076
Landscape - Habitat effective area (amount weighted by quality) 0.272 0.105 0.253 0.092 0.244 0.091
- Habitat connectivity (habitat configuration + matrix structure) -0.368 0.104 -0.360  0.095 -0.341 0.093
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Figure 1. Effects of local and landscape factors on territory occupancy dynamics of ferruginous
pygmy-owls in northwest, Mexico, 2001-2013. Local factors are represented by five definitions
of habitat quality that considered the effects ofadditive and interactive combinations of habitat
resources, stochastic factors, and local conspecific densities on observed annual reproductive
output measured over 10 years within territories. Landscape factors are represented by habitat
effective area, landscape habitat quality, two indices of matrix structure, and habitat

configuration within landscapes.

Figure 2. Interactive effects of local and landscape factors on long-term territory occupancy
dynamics of ferruginous pygmy-owls in northwest, Mexico, 2001-2013. Effects ofagriculture
and habitat configuration are based on the 3™ model in Table 1 whereas effect of habitat effective
area is based on 6" model. Lines show changes in predicted occupancy based on models at
average values ofall other covariates; direction and magnitude ofeffects were unaffected by

changing covariates values.
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