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| mportancerelative del’ habitat de nidification et du degréde
connectivité comme prédicteursde |’ occurrence d’ un passereau forestier
en paysages fragmentés

Stephanie Melles?, Marie-Josée Fortin?, Debbie Badzinski * and Kathryn Lindsay*

ABSTRACT. Theoretical and empirical studiessuggest that well-connected networksof forest habitat facilitate animal movement
and contribute to species’ persistence and thereby the maintenance of biodiversity. Many structural and functional connectivity
metrics have been proposed, e.g., distance to nearest neighboring patch or graph-based measures, but the relative importance
of these measures in contrast to nesting habitat at fine spatial scales is not well established. With graph-based measures of
connectivity, Euclidean distances between forest patches can be directly related to the preferred gap crossing distances of abird
(functional connectivity). Wedetermined therelative predictive power of nesting habitat, forest cover, and structural or functional
connectivity measures in describing the breeding distribution of Hooded Warblers (Setophaga citrina) over two successive
breeding seasons in a region highly fragmented by agriculture in southern Ontario. Logistic regression models of nesting
occurrence patterns were compared using Akaike' s information criterion and relative effect sizes were compared using odds
ratios. Our results provide support for the expectation that nest-site characteristics are indeed related to the breeding distribution
of S citrina. However, models based on nesting habitat alone were 4.7 times less likely than a model including functional
connectivity asapredictor for the breeding distribution of S citrina. Models of nest occurrencein relation to surrounding forest
cover had lower model likelihoods than models that included graph-based functional connectivity, but these measures were
highly confounded. Graph-based measures of connectivity explained more variation in nest occurrence than structural measures
of forest connectivity, in both 2004 and 2005. These results suggest that S. citrina selected nesting areas that were functionally
connected at their preferred gap crossing distances, but nesting habitat was a critically important predictor of nest occurrence
patterns.

RESUME. Des recherches théoriques et empiriques laissent supposer que des réseaux de milieux forestiers bien connectés
permettent e déplacement delafauneet contribuent alapérennitéd’ uneespéceet, par lefait méme, au maintien delabiodiversité.
De nombreuses mesures de connectivité structurelle et fonctionnelle ont été avancées, par exemple ladistance al’lot voisin le
plus proche ou encore, des mesures fondées sur des graphiques, mais |I'importance relative de ces indices comparativement a
I” habitat de nidification & des échelles spatiales fines n’ est pas établie clairement. A partir de mesures de la connectivité fondées
sur des graphiques, ladistance euclidienne entre lestlotsforestiers peut étre directement reliée dladistance préférée detraversée
d’une trouée par un oiseau (connectivité fonctionnelle). Nous avons déterminé la capacité prédictive relative de |" habitat de
nidification, du couvert forestier et des mesures de connectivité structurelle et fonctionnelle pour décrire la répartition de
nidification de laParuline & capuchon (Setophaga citrina) au cours de deux saisons de nidification successives dans une région
trésfragmentée par | agriculture, dansle sud del’ Ontario. Des modél es de régression | ogistique des tendances dans|’ occurrence
de nidification ont é&té comparés au moyen du critére d’ information d’ Akaike, et I'amplitude des effets relatifs a été évaluée a
I'aide du risque relatif approché (odds ratio en anglais). Nos résultats corroborent les suppositions selon lesguelles les
caractéristiques du site de nidification sont vraiment reliées alarépartition de nidification de S. citrina. Toutefois, les modéles
fondés sur | habitat de nidification uniquement étaient 4,7 fois moins performants qu’ un modéle qui comportait la connectivité
fonctionnelle comme variable prédictive de la répartition de nidification de S. citrina. Les modéles fondés sur I’ occurrence des
nids en fonction du couvert forestier environnant étaient moins vraisemblables que les modeles qui incluaient la connectivité
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fonctionnelle fondée sur des graphiques, mais ces mesures se confondaient grandement. Les mesures de la connectivité fondées
sur desgraphiquesont expliquédavantagede variationsdans|’ occurrence desnidsquelesmesuresstructurellesdelaconnectivité
forestiere, tant en 2004 qu’en 2005. Nos résultats donnent a penser que S. citrina sélectionne des milieux de nidification qui
sont connectés fonctionnellement aleurs distances préférées de traversée d’ une trouée, mais|’ habitat de nidification s est aussi
avére étre une variable prédictive trés importante des tendances dans I’ occurrence des nids.

Key Words: forest fragmentation; graph-based network measures; Hooded Warbler; Setophaga citrina; spatial graphs

INTRODUCTION

Theoretical estimates, based on artificid landscape
simulations, suggest that below 30% to 40% habitat cover,
populations are broken up into a meta-population structure in
which regional persistence may depend more on the
configuration of habitat than on habitat cover alone (Andrén
1994, Fahrig 2001, With and King 2001). Below this
theoretical threshold, simulated populations go extinct
because small, fragmented populations are subject to
stochastic extinction, and patch reoccupation rates aretoo low
to maintain meta-popul ation dynamics (With and King 2001).
However, mensurative investigations into the relationship
between structural measures of forest connectivity and
breeding bird occurrence patterns provideinconsi stent results,
often indicating that overall forest amount is more important
than forest configuration (McGarigal and McComb 1995,
Trzcinski et al. 1999, Betts et al. 2006), or indicating that
configuration has non-negligible effects (Villard et al. 1999).
Issues with study design, e.g., matrix effects, and statistical
difficulties have often prevented a clear distinction between
the independent effects of habitat amount and configuration
in many of these studies (Koper et al. 2007, Smith et al. 2009).

Birds are particularly well studied in the context of forest
fragmentation, patch isolation, and connectivity (Bélideet al.
2001, Desrocherset al. 2011). Studiesthat measured dispersal
directly (Brooker et al. 1999, Cale 2003, Uezu et al. 2005) or
studies that modeled dispersal on an individual basis (Ledn-
Cortés et al. 2003, Russell et al. 2003) tend to show that low
levels of connectivity increase the risk of mortality and that
birds are reluctant to cross relatively small, nonforest gaps
(Desrochers and Hannon 1997, Norris and Stutchbury 2001,
2002). Thus empirical evidence based on bird movement and
trans ocation experiments provide support for the importance
of maintaining connectivity (Desroschers and Hannon 1997,
Brooker et al. 1999), but evidencefor critical habitat thresholds
or clear configuration effects in large landscapes with low
habitat cover remains sparse and inconclusive (reviewed by
Swift and Hannon 2010). Some studies provide limited
support for the existence of a threshold (e.g., Freemark and
Coallins 1992, Andrén 1994), but taken together, landscape-
level studies on threshold effects demonstrate variable results
and are still limited in number (Swift and Hannon 2010).

Configuration effects are generally measured using a variety
of structural metricsthat quantify the size, shape, and location
of habitat features on a landscape, e.g., nearest neighboring
patch distances, mean and largest patch size, total edge. We
refer tothistypeof metricfor configuration effectsasstructural
connectivity. Several authorshaveemphasizedtheneedtolink
thesestructural metricstotheir biological function or theactual
movement abilities of animals within fragmented landscapes
(Tischendorf and Fahrig 2000a,b, Brooks 2003, Fischer and
Lindenmayer 2007). Very different landscapes often result in
similar structural measures of landscape pattern (Hargiset al.
1998, Fortin et al. 2003), yet it is highly unlikely that
movement patterns would be the samein different landscapes
(Bélideet al. 2001, Uezu et al. 2005).

Applications of graph-based measures of habitat connectivity
attempt to link the structural and functional components of
connectivity by measuring distances between habitat patches
and relating those distances to the movement abilities of
animals, connecting only those patches that are within an
animal’s movement abilities or preferences (Keitt et al. 1997,
Urban and Keitt 2001, O'Brien et a. 2006). Euclidean
distances between forest patches can be directly related to the
preferred gap crossing distancesof abird; or crossing distances
can be modified by the potential costs of traversing a variety
of different barriers. Thus, the functional links between forest
patches can be related to the associated ‘ costs' of dispersing
through different matrix types because the intervening matrix
may carry different mortality risks (Brooker et al. 1999,
Brooker and Brooker 2002, Dunford and Freemark 2004),
though few if any empirical estimates of mortality risk in
different matrix typesexist (Desrocherset al. 2011). Werefer
to graph-based metrics as functional connectivity. Graph-
based measures of connectivity have an intuitive theoretical
appeal for species at risk conservation planning (Urban and
Keitt 2001), but they arejust beginning to betestedinthefield
(Bunn et al. 2000, O'Brien et al. 2006, Fall et al. 2007).

Our study was designed to investigate how the breeding
distribution of Hooded Warblers (Setophaga citrina) in forest
patcheswasrel ated to nest-site habitat data, surrounding forest
cover, and surrounding forest connectivity estimated by either
structural or functional measuresof configuration. Weaddress
the question, are functional connectivity measures of forest
connectivity better predictors of nesting occurrence than
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corresponding structural measures? In addition, we examine
the relative importance of nest-site habitat, contextual forest
cover, and connectivity metrics. With forest fragmentation,
nesting habitat islost asforest patches become smaller, but it
is unlikely that the loss of suitable nesting habitat occurs
linearly with forest loss. The loss of suitable nesting habitat
could rather occur stochastically suchthat thereisno guarantee
a remaining small patch will contain a small proportion of
suitable nesting habitat (Haila 1983, Betts et al. 2006).
Availability of suitable nesting habitat is expected to be one
of the primary constraints on nesting occurrence, irrespective
of landscape context or functional connectivity.

It is becoming increasingly recognized that processes related
to breeding-occupancy patterns and the persistence of a
species in a region must be examined at multiple scales
(Cushman and McGarigal 2003) because several processes
may berelatedto thespatial distributionsof speciesat regional
extents. Field biologists have known for along time that nest-
level habitat characteristics can determine whether or not an
areaissuitablefor breeding by aparticular species. If suitable
breeding habitat is spatially isolated, however, it is likely to
remain unoccupied. The patch and landscape characteristics
surrounding nesting habitat provide several of the required
conditions for breeding, such as the social environment
required to attract a mate (Cale 2003), the resources needed
for survival and breeding success (Haila 1983), and a spatial
network of patchesthat facilitate dispersal to and from an area
(Taylor et a. 1993).

Many empirical studies that examine the relative importance
of habitat loss and fragmentation used measures of breeding
evidence such as species occurrence, abundance, or diversity
(reviewed by Swift and Hannon 2010), but these measures
may not always reflect habitat quality or individua fitness
(Van Horne 1983). In addition, there is a need for the use of
statistical methods able to detect and distinguish between
habitat amount and fragmentation effects (Swift and Hannon
2010). The novelty of our study isthat we use nest occurrence
data; wetest for local, nest-sitehabitat effects; and weexamine
the relative importance of forest loss and configuration by
comparing structural to functional measures of connectivity.
We use standardized variables in logistic regression to
examine the relative importance of these different predictors
following the approach advocated by Smith et al. (2009) for
linear regression to disentangle the effects of habitat loss and
configuration.

METHODS

Study area and patch selection

The study area is a region of southern Ontario with mixed-
wood, eastern deciduous forests that is highly fragmented by
agriculture. Much of the region is below 30% to 40% forest
cover measured at avariety of spatial scales, e.g., within 1 km,
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10 km, or 20 km (Fig. 1). If the spatial configuration of forest
patches on alandscape matters, human-dominated landscapes
below the theoretical fragmentation threshold are ideal areas
to test expectations about the effects of forest connectivity on
patch occupancy and breeding occurrence patterns (Swift and
Hannon 2010). Forest patches were selected based on a
measure of graph-based connectivity such that isolated
patches could be compared with highly connected patches.
We selected forest patches across arange of sizes (n = 33 total
patches surveyed in the field over two years, 2004-2005; Fig.
1), ensuring that any confounding between patch-size and
connectivity with surrounding patches was minimized in the
study design (Ewers and Didham 2006).

Fig. 1. Areaof study region ((11256 km?) in southern
Ontario (UTM Northing 4,715,834; Easting 521,808)
showing all wooded areasin grey. Forested patches (n = 33)
surveyed for S citrina between 2004 and 2005 are outlined
in black. Each patch is surrounded by acircular ‘landscape’
2 kmin diameter. Patches were selected within 20 km of the
core population, St. Williams' Crown research forest
(indicated by an *x).
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Ontario Base Maps (OBM 1996), wooded area layers
(1:10,000), were used to delineate forest patches in an area
within 20 km of the perimeter of St. Williamsforest (Norfolk,
Ontario), which is known to contain the ‘ core’ population or
highest known breeding densities of S. citrina in Canada
(Friesen et a. 2000). The OBM is acompilation of historical
and digital topographic information in Ontario acquired
largely by aeria photography. Information on forested areas,
therefore, is accurate to the date that the photography was
acquired and this varies throughout the province. To ensure
that forested polygons in our study area were accurate to
current forest conditions, we corrected the polygons by
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Tablel. Variablecodesand descriptionsat different spatial extentsfor: nest-sitevegetation characteristics, forest cover, structural

and graph-based connectivity variables. (dbh = diameter at breast height).

Variables Description Variable Variable Extent
Preprocessing acronyms

shrub cover (low) % shrub cover (0.5 and 1.3 min height) w/in5m In(p/(1-p)) SC513

shrub cover (high) % shrub cover (1.3 and 3 min height) w/in 5m In(p/(1-p)) SC133

sapling cover % sapling cover (3 and 10 min height) w/in5m In(p/(1-p)) SC310

basal area (m?/ha) cross sectional tree areaat breast height (1.3 m)" none BA

canopy gap canopy gap opening (Iength x width x T)/4 (m?) In(x+1) CG Nest-site variables
canopy height maximum canopy height (m) none CH

: ) A 3 measured

live (sm. saplings) # of live saplings < 2.5 cm dbh In(x+1) sS within 5 m
trees (1g. saplings) # of live saplings 2.5 t0 9.9 cm dbh In(x+1) IS

(small trees) # of live small trees 10 to 38 cm dbh none ST

(large trees) live large trees > 38 cm dbh (01D LT

distance to edge distance to forest edget none EDGE

forest cover % forest cover w/in 1 km In(p/(1-p)) FC within 1 km
nearest neighbor distance to the nearest neighboring patch (m) none NN
total edge total edgew/in 1 km (m) none TE

area largest patch area largest patch w/in 1 km (m?) In(x+1) LPA Structural
search area nest search area (m?) In(x+1) SA connectivity
patch area forest patch area (m?) In(x+1) PA measured
mean patch area mean forest patch area (m?) In(x+1) MPA within 1 km
number of patches number of patches none NP

areaconn'd < 50 area (m?) connected w/in female dispersal <50 m none ACf

patch import 50 patch import to expected cluster sizeat 50 m In(p/(1-p)) PI, Functional (graph-
area conn'd 500 area connected w/in male dispersal <500 m none AC, based) connectivity
patch import 500 patch import to expected cluster size at 500 m In(p/(1-p)) Pl measured within 1
distance threshold distance threshold (m) connecting all patches In(x+1) DT km
distance to core distance (km) to core population In(x+1) DC Functional
patch import 50 patch import to expected cluster sizeat 50 m In(p/(1-p)) RPI, connectivity within
patch import 500 patch import to expected cluster size at 500 m In(p/(1-p)) RPI 20 km

T Estimated using a factor 2 prism.
$ If > 25 m, then mid-point of 25-50 m, 50-100 m, 100-200 m, and > 200 m

manually digitizing changes to forested areas using digital
aerial orthophotographs provided by Norfolk County, and
acquired 24 April 2002 with an average horizontal positional
error between 1 and 2 m. Forested polygons were then
converted to raster format with agrid cell resolution of 5 m.

A forest patch was considered to be unique if it was separated
from other forest patches by aroad or other nonforested area
(= 25 m). We recognize that this definition of a patch is
somewhat arbitrary (Betts et al. 2006) because data suggest
that males make regular extra-territory extrusions into
neighboring patches(Norrisand Stutchbury 2001). But female
S citrina are much morerestricted during the breeding season
(Norris and Stutchbury 2002), and generaly the territorial
boundaries of neotropical migrants track sharp forest edges
(St-Louis et a. 2004) so 25 m breaks were considered

appropriate.
Bird surveysand nest sites

S citrinaisadistinctivespeciesthatiseasily surveyed by sight
and song (Evans Ogden and Stutchbury 1994). In both 2004

and 2005, selected forest patches were surveyed by the first
author and field assistants using playback recordings of
conspecific male S citrina songs. Each woodland was
surveyed using playbacksevery 500 m (duration 3-5min) until
the entire patch was covered (Fig. 1). Males responding to
playbacks or heard singing in an area on at least two separate
occasions, separated by a minimum of one week, were
considered to be holding a territory. Territories were
thoroughly searched for females with nests.

All sites were searched a minimum of two times throughout
the breeding season (May 24 to July 31). Locations of
territorial males and nests were georeferenced with aWAAS
enabled, differentialy corrected GPS unit (12-channel
Garmin, Etrex, 15 m horizontal accuracy). A total of 30 forest
patcheswere surveyed for breeding S. citrinain 2004. In 2005
however, because of avariety of constraints, we were able to
resurvey only 15 of those patches, but we acquired data on
nesting S. citrinafrom another eight forest patchesinthe area.
Three of these forest patches were different from our initial
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set of 30 forest patches (courtesy of the D. Burke, Ministry of
Natural Resources, silvicultural study on speciesat risk). Data
for each year were analyzed separately.

Nesting habitat

To assess whether aforest patch had the potential to function
biologically asnesting habitat, standard habitat characteristics
were measured around found nestsin occupied patches and at
selected (or control) vegetation plots in unoccupied forest
patches (hereafter pseudo nest plots). Hooded Warblers are
known for their easily identifiable nesting habitat preferences
(Bisson and Stutchbury 2000, Whittam et al. 2002). They nest
in the dense understory shrub layer of small openings in the
forest canopy, i.e., with median forest gap sizes between 40
m2 and 300 m?, that aretypically created by thedeath of alarge
tree or by selection harvesting (Bisson and Stutchbury 2000,
Whittam et a. 2002). All selected pseudo nest sites were
chosen subjectively to match known S citrina nesting
preferences, and these pseudo nest plots were only located in
unoccupied forest patches as confirmed by aminimum of two
to three bird surveys for singing males during the breeding
season.

We surveyed 11 nest-site habitat indicators, e.g., gap
dimension, understory structure (0-3m), and humber of trees
(Table 1) within a 5 m radius plot (0.0075 ha). Gaps were
defined as a hole in the forest canopy with an approximate
diameter no smaller than 5 m (Brokaw 1982). Gap size was
estimated by eye, visualizing a pair of perpendicular lines fit
to thelargest dimensions of the gap; L, length, wasthelongest
straight line that would fit in the gap and W was the width of
aline that would fit perpendicular to the first (Runkle 1992).
The area of the gap was estimated using the equation for the
area of an elipse: A = mLW/4 (Whittam et al. 2002). Total
basal area was estimated using a factor 2 prism for all trees
above 10 cm diameter at breast height, i.e., 1.3 m (Table 1).
Nest-site habitat datafor nest and pseudo nest plotswere only
collected during the year 2004; in 2005, only site context data
around occupied and unoccupied patches within 1 km were
used in logistic regressions (see below).

Site-context

Broad-scale predictor variables were measured within 1 km
(314 ha) of each surveyed patch centroid. This 1 km extent
(hereafter referred to as the ‘site-context’) was selected to
correspond with S citrina daily dispersal or movement
tendencies during the breeding season. Female and male S.
citrina haveknown dispersal tendencies: femalesarereluctant
to cross nonforest breakslarger than 50 m in width during the
breeding season, whereas malestend to crosslarger breaksup
to 500 m in width (Norris and Stutchbury 2002). Ninety-five
percent of al male movement forays observed by Norris and
Stutchbury (2002) were less than 1 km in total distance
traveled; moreover, there is an expected energetic cost
associated with such movement behaviors. Therefore, thesize
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of the site-context around afocal patch was selected to be both
larger than the largest observed nonforest crossing distance,
i.e,, <500m, andlarger thanthedistanceabird can beexpected
to move daily through a fragmented area. Many multiscale
studies of birds in different landscapes have examined
predictor variables within a similar surrounding area
(McGarigal and McComb 1995, L eeet al. 2002, Cushman and
McGarigal 2004, Uezu et al. 2005).

Forest cover

Forest cover wasestimated by determining therel ative percent
cover of forest habitat within the site-context, i.e., withina 1
km radius of the patch centroid. Forest cover was estimated
from Ontario Base Maps (OBM 1996), wooded areas layer
(2:10,000), which was manually updated and checked for
accuracy using aerial photographs as described above. Area
forested was divided by the total area within the site context
(314 ha) to get an estimate of forest cover.

Sructural forest connectivity

We summarized seven measures of structural connectivity
within 1 km of each site: nearest neighboring patch distance
(NN), total edge (TE), largest patch area (LPA), nest search
area (SA), patch area (PA), mean patch area (MPA), and total
number of patches (NP; Table 1). Distance to nearest
neighboring patch was considered to be the most direct
measure of structural connectivity because it reflects the
smallest nonforested opening a bird must cross to reach
additional forest habitat. Thus NN provides adirect structural
measureof i solation. Other measuresof structural connectivity
such as total edge and measures of patch size are commonly
used metricsof habitat configuration; they perhapsprovide an
indirect indication of habitat suitability in surrounding
patches, which relates to relative habitat isolation (reviewed
by Swift and Hannon 2010).

Graph-based forest connectivity

The functional connectivity of forest patches was estimated
using spatial graphs(Fall et al. 2007); patcheswere connected
if the edge-to-edge distance between patcheswas|essthan the
maximum nonforest crossing distance that S citrina will
traverse during the breeding season (Opdam et a. 2003). It is
assumed that movements are restricted above these dispersal
thresholds (Keitt et al. 1997). To determine amount of
connected forest habitat, we computed expected cluster sizes
(ECS) over the entire study region within 20 km of the core
population of S. citrina. ECS represents the average size of a
connected cluster at agiven distancethreshold for arandomly
selected forest habitat cell (Fall et a. 2007). ECS was
computed for distance thresholds that matched female and
mal e dispersal tendencies during the breeding season, i.e., 50
and 500 m, respectively, asfollows:
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m
Z aj @
ECS,= 7" / 4

m is the number of connected clusters at a given distance
threshold (t); & isthe areaof cluster j; and Aisthe total area
of al patchesin the region (Fall et al. 2007).

Theimportanceof individual forest patchestothemaintenance
of connectivity wasdetermined by performingapatch removal
analysis at femal e and male nonforest gap crossing thresholds
(Fall et al. 2007). By removing each patch one by one and
recalculating ECS, the relative change in this metric can be
used to provide an indication of regional patch importance to
the maintenance of connectivity for females or males (RPI, or
RPI ). RPI values were used to map patch importance
throughout the study area, and these graph-connectivity
rankings were used to select patches with high, medium, and
low connectivity as part of the study design.

Eight measures of graph-based functional connectivity were
estimated in total (Table 1). Five of these measures were
evaluated within the site-context of surveyed patches, i.e.,
within a1l km radius of the surveyed patch centroid: expected
cluster size was recalculated within the site context at
nonforest gap crossing distances preferred by females (< 50
m, AC,) and males (< 500 m, ACm); patch importancewasalso
recalculated within the site context by performing another
patch removal analysis within the site context at female and
male nonforest gap crossing distances (PI, and PI_); and the
overall distance threshold (DT) was estimated within the site
context. DT is simply the threshold distance required to
connect all patches within the site context. Three additional
graph-based functional connectivity measures within the
study areawere used aspredictors. Regional patchimportance
to the maintenance of connectivity within the study area, i.e.,
within 20 km of the core population, at both female and male
nonforest gap crossing thresholds (RPI, and RPI ) were used
asadditional predictorsof functional connectivity. Thesewere
the same values used to select forest patches for the study.
Lastly distanceto the core population (DC) was estimated and
used asapredictor because historic datasuggeststhat S. citrina
seem to be expanding their range in southern Ontario from
established core areas (Melles et al. 2011). Spatial graph
models were implemented in Spatially Explicit Landscape
Event Simulator (SELES, www.seles.info; Fall and Fall
2001).

Statistical models

It is often the case with many regression methods that the
number of predictor variablesishigh, so somesort of reduction
in the number of predictorsisrequired (Aguileraet al. 2006).
Number of predictor variableswas reduced by assessing their
importance using uni-variable likelihood ratio test (LRT)
scores with logistic regression of nest occurrence, which
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measures the change in model log likelihood (LL) with or
without a variable. We selected variables whose LRT had a
p-value< 0.25 as candidates for multivariable models, and we
made sure to include variables of known ecological
importance (Appendix 1). This is a recommended approach
to variablereduction prior to multivariablelogistic regression
modeling to avoid overfitting (Hosmer and L emeshow 2000).
Inclusion of all predictor variables at once would produce
numerically unstable estimates, especially given our small
sample size.

L ogi stic regressionwasused to assesstherel ationship between
nest occurrence and nest-site habitat, forest cover, and
structural or functional connectivity. We used standardized
variables in logistic regression to examine the relative
importanceof thesedifferent predictorsfoll owing anapproach
advocated by Smith et al. (2009) for linear regression to
disentangleeffectsof habitat lossand configuration. Variables
were separated into blocks for sequential multiple regression
because this allowed usto isolate the rel ative improvement of
different chunks of variablesthat were all related to the same
factor. Nest-site variables were entered in the first sequential
block using forward conditional selection based on the LRT.
Forest cover was entered in the second block based on a
forward conditional LRT, and in the third block either of the
two types of connectivity measureswas allowed to enter, also
using forward conditional tests. The outputs of multivariable
logistic regression are parameter estimates and odds ratios
adjusting for all other variablesincludedinthemodel (Hosmer
and Lemeshow 2000). Moreover, odds ratios provide an
indication of effect size (Chinn 2000), so they are useful in
comparing the relative importance of different variables.
Logistic regression models were fit using SPSS (version
20.0).

We were interested in the relative importance of three main
factors, nest-site habitat, surrounding forest cover, and
surrounding structural or functional habitat connectivity. The
number of variablesfor 2004 model fitting was reduced to 16
predictors for these three factors (5 nest-site variables, forest
cover, 4 measures of structural connectivity, or 6 measures of
graph-based functional connectivity; Appendix 1). The
number of variables for 2005 model fitting was reduced to 11
variables (forest cover, 4 measures of structural connectivity,
or 6 measures of functional connectivity; Appendix 2). We
were interested in finding the strongest predictors for each
factor in multivariable models so that we could determine the
relative importance of local nest-site habitat, surrounding
forest cover, and either measures of structural or graph-based
functional connectivity. We expected that graph-based
measures would be better predictors of nest occurrence than
structural measures of forest connectivity because they take
the species dispersal abilities into account. Because we had
severa predictor variablesfor each main factor of interest, the
predictor variables were strongly correlated and variance
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inflation factors for landscape site-context variables
(measured within 1 km) were well above 10 (Appendix 1).

A widely known problem for logistic regression is that
parameter estimation becomes unstable under conditions of
multicollinearity (Hosmer and Lemeshow 2000, Aguilera et
al. 2006). Multicollinearity is a known issue for al types of
regression, and collinearity isaknown issue when it comesto
comparing models that attempt to disentangle the effects of
habitat loss, or forest cover in this case, and configuration, or
connectivity inthiscase. A variety of methods can be used to
address this issue such as dropping collinear variables from
theanalysis, ridgeregression, all possible subsets analyses, or
residual and sequential regression (Graham 2003). With
independent variable residua regression the less important
variable is regressed against the collinear predictor, and the
less important variable is replaced by the residuals of this
regression to model the response variable (Graham 2003).
Smith et a. (2009) show that this type of residual regression
leadsto biased interpretations of parameter estimatesand they
advocate using standardized variables and examination of
partial regression coefficients. But their findings may not
apply to logistic regression. We compare logistic regression
models using both unaltered collinear predictor variables and
variables modified using independent variable residua
regression (as suggested by Graham 2003). In cases where
both forest cover and connectivity variables were relevant in
the model (according to model LL'S), an interaction term
between the two variables was also checked for its influence
on mode! log likelihood.

M odel-sel ection was assessed using AIC corrected for small
sample sizes (AlCc; Burnham and Anderson 2002). Models
were fit to correspond with our ecological expectations such
that model swith nest-site habitat variableswerefit first (2004
data). Then, the importance of surrounding forest cover,
structural forest connectivity, or graph-based measures was
assessed. The weight of evidence for each model, given the
data, was assessed using AlCc. For 2005 data, a combination
of surrounding forest cover, structural forest connectivity, or
graph-based measures were fit. The residuals of al final
models were examined for spatial autocorrelation.

Although spatial autocorrelation in model residuals can lead
to unreliable estimations of parameter significance (Fortinand
Dale 2005), autocorrelated residuals can also provide useful
information about the presence of remaining autocorrelation
in the dependent variable, or the existence of a spatialy-
dependent process related to the dependent variable that has
not been accounted for (Lichstein et al. 2002). We examined
autocorrelationinmodel residual sby examining correlograms
of Moran’s | coefficient assessed at 10 distance classes with
a gpatial lag of 600 m. This lag size was selected as prior
research showed that S. citrina nests tend to be clustered in
relation to conspecificsat scal es between 240 and 600 m, after
controlling for the underlying distribution of nesting habitat
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(Méelles et al. 2009). Second nesting attempts were excluded
from the analysis to avoid a potential lack of spatial
independence dueto renesting attemptslocated in the vicinity
of the first nest. The overal significance of Moran's |
correlograms was determined by permutation and evaluated
at an alphalevel of 0.05 before the significance of individual
distance classes was assessed (Rosenberg 2001; Passage
Version 2.0.11.6).

RESULTS

All occupied patches surveyed in 2005 were also occupied in
2004, but given that a different subset of forest patches were
surveyed in both years, and given that nest-site habitat data
wereonly collectedin 2004, resultsare presented for each year
separately, and not combined. In 2004, 25 first nests were
found in all forest patches, and 36 first nests were found in
2005. These nests were matched with 13 pseudo nest plotsin
2004 and 5 unoccupied patchesin 2005 for atotal samplesize
of n =38 and n = 41 for 2004 and 2005, respectively. The
number of pseudo nest plotsin 2004, i.e., subjectively selected
nesting habitat plots, was limited by the size and number of
unoccupied forest patches. Forest cover in the site-context of
2004 patches ranged from 15.4% to 53.7%; whereas in 2005,
the range of forest cover was narrower, between 20.0% and
45.5% forest cover. Average forest cover for all site-contexts
(n = 33) was 35.9% * 9.8% standard deviations.

Nest-site habitat analysis

Nesting habitat was an important predictor of nest-occurrence
(Table2). Nestlocationsselected by S. citrina had fewer small
saplings (< 2.5 cm diameter at breast height [dbh]), morelarge
saplings (2.5 — 9.9 cm dbh), and were farther from the forest
edge than our selected pseudo nest plotsin unoccupied forest
patches. The importance of these nesting habitat variables
seemslargely consistent with thefindingsof previousresearch
that showed S citrina prefer mature forests with small
openings in the forest canopy. They tend to select nest sites
withahigher subcanopy (average 6.1 minheight) and adenser
understory than randomly selected control sites nearby
(Bisson and Stutchbury 2000). Shrub cover was not an
important predictor in any of our models, and this indicates
that the subjectively selected pseudo nest plotsin unoccupied
patches had relatively equivalent levels of shrub cover.
However, even though unoccupied patches had what we
thought of as similar nesting habitat available, our selection
of suitable nesting habitat in these patches differed from S
citrina’s selection of suitable nesting habitat because some
nest-habitat variables wereimportant model predictors. Nest-
site habitat models alone, however, were 31.6 (model A1) to
4.7 (model A2) timeslesslikely to fit the data than the ‘ best’
models of nest presence or absencein 2004 (Table 3). A large
and significant amount of spatial autocorrelation was present
in the residuals of one of these nest-site only models (model
A1, Figure 2a).
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Table 2. Logistic regression modelsfor S citrina nest occurrence in 2004 (n = 38) using standardized nest-site variabl es, forest
cover, and structural OR functional connectivity measures. The odds ratio in logistic regression (¢'B) is the exponent of a
parameter estimate and this provides an indication of effect size when variables are standardized. Generally odds ratios can be
interpreted as the increase (or decrease) in the likelihood of (nest) occurrence with a one unit change in the predictor variable.
Variable codes and transformations are described in Table 1.

95% C.|. for e'B

Model Variablesin B s.e. df e'B Lower Upper Model
the model log-likelihood
A1) Nest-site variables
sS -0.98 0.45 1 0.38 0.15 091 37.83
IS 094 0.45 1 2.56 1.07 6.15
Constant 0.82 0.41 1
A2) Nest-site variables
sS -1.15 0.51 1 0.32 0.12 0.87 31.49
IS 1.78 0.72 1 5.95 1.46 24.23
EDGE 147 0.70 1 4.36 1.10 17.33
Constant 112 0.50 1
B1) Nest-site & forest cover
sS -1.36 0.57 1 0.26 0.08 0.78 35.26
FC 118 0.46 1 3.24 131 8.03
Constant 1.04 0.47 1
C1) Nest-site & structural connectivity
sS -1.50 0.59 1 0.22 0.07 0.71 33.38
LPA 1.38 0.54 1 397 1.39 11.36
Constant 0.97 0.46 1
C2a) Nest-site, forest cover, & structural connectivity
sS -1.50 0.59 1 0.22 0.07 0.71 33.18
FC 0.33 0.73 1 1.39 0.33 5.80
LPA 111 0.80 1 3.03 0.63 14.50
Constant 1.00 0.47 1
C2b) Nest-site, forest cover, & structural connectivity
sS -1.50 0.59 1 0.22 0.07 0.71 33.18
FC 1.23 0.50 1 343 1.29 9.13
LPA_resid" 0.64 0.46 1 1.90 0.77 4.67
Constant 1.00 0.47 1
D1) Nest-site & functional connectivity
sS -1.03 0.54 1 0.36 0.12 1.02 3341
RPI 151 0.60 1 453 1.39 14.70
Constant 1.20 0.53 1
D2a) Nest-site, forest cover, & functional connectivity
sS -1.21 0.58 1 0.30 0.09 0.94 3241
FC 0.55 0.57 1 174 0.57 5.30
RPI 111 0.71 1 3.03 0.76 12.07
Constant 122 0.54 1
D2b) Nest-site, forest cover, & functional connectivity
sS -1.21 0.58 1 0.30 0.09 0.94 3241
FC 1.25 0.50 1 3.50 1.32 9.29
RPI m_r&eidT 0.86 0.55 1 2.36 0.81 6.90
Constant 122 0.54 1
D3) Nest-site & functional connectivity
sS -1.44 0.72 1 0.24 0.06 0.98 28.42
RPI, 237 114 1 10.65 1.15 98.71
RPI 1.94 1.08 1 6.97 0.84 57.78
Constant 271 131 1

" Residuals were calculated for variables with significant linear relationships with forest cover (FC) and these independent residuals were used in modeling
(as per Graham 2003). Bold emphasizes coefficients with nonsensical standard errors.

Forest cover, structural or functional connectivity the likelihood of nest occurrence increased with amount of
Amount of forest cover within the site-context was an  surrounding forest cover in the site context. However, this
important predictor of S citrina nest-occurrence in 2004, in model was 8.7 times less likely than the overall *best’ mode,
additionto nest-site habitat (Table 2, model B1). Asexpected,  which included a nest-site habitat term as well as two terms
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Table 3. Model selection for models of S. citrina nest occurrence in 2004 (southern Ontario) with nest-site variables and site-
context measures of forest cover, and structural OR graph-based functional connectivity. Variable codes and transformations
asin Table 1. Further model details, e.g., parameter estimates, standard errors, odds ratios, can be found in Table 2.

Model Variablesin the model Model log- #vars AIC, ~ Delta Model Akaike Evidence

likelihood AIC A, likelihood — weight ratiof
(w)t

A1) Nest-site variables sS+IS 3783 3 4454 6091 0.03 002 31.65

A2) Nest-site variables sS+IS+EDGE 3149 4 4071 3.08 0.21 012 4.66

B1) Nest-site & forest cover sS+FC 3526 3 4197 434 0.11 0.07 875

C1) Nest-site & structural connectivity sS+ LPA 3338 3 4009 246 0.29 017 342

C2aor C2b) Nest-site, forest cover, & structural sS+ FC + LPA_resid 3318 4 4240 477 0.09 0.05 1084

connectivity

D1) Nest-site & functiona connectivity sS+RPI 3341 3 4011 248 0.29 017 3.46

D2aor D2b) Nest-site, forest cover, & sS+FC+RPIl__resid 3241 4 4162 399 0.14 0.08 7.35

functional connectivity

D3) Nest-site & functional connectivity sS+RPl, +RPI 2842 4 3763 0.00 1.00 0.58 1.00

A =AIC_ -minAlC
i ci c

T w=exp(-A/2)/Zexp(-Ar/2), where r is the number of modelsin the set compared

1 ratio of Akaike weight for model j to the best model w, (Wj/Wi).

Weight of model with the greatest support, given the data, is highlighted in bold type.

for regional functional connectivity based onfemaleand male
S citrina dispersal tendencies (RPI, and RPI , Tables2 and 3,
model D3). In comparison, amodel that included an estimate
of structural connectivity (LPA) within the site-context (model
C1), in addition to the nest-site term, was 3.4 timeslesslikely
than the overall ‘best’ model according to AIC_ (i.e., model
D3, Tables 2 and 3). Models of nest-site habitat and either a
structural variable (model C1) or a functional (model D1)
connectivity variablewerea most equivalent intermsof model
likelihood (Tables 2 and 3).

However, because these and other models did not contain the
confounded term, forest cover, the odds ratios for these
variables must be interpreted with some care. For example,
the odds of finding a nest increased by almost four timeswith
aone unit change in standardized LPA, or area of the largest
patch (Table 2, model C1). However, when forest cover was
included, their estimated coefficients and odds rati os changed
markedly (compare models C1, C2a, C2b, Table 2), whichis
consistent with their confounded status. Indeed, confidence
intervalsaround the oddsratio for LPA when forest cover was
included in the modd (C2ab, Table 2) overlapped one,
indicating no difference. So the odds of finding a nest either
decreased (63% odds) or increased (by 14.5times, model C2a,
Table 2) with aone unit changein LPA under this model, and
this was true for several other models with confounded
predictors, e.g., model D2ab and even the ‘best’ model.

When both unaltered forest cover and unaltered measures of
forest connectivity were included, forest cover had
nonsensical standard errorsaround the parameter estimateand
the confidence intervals overlapped one (Tables 2 and 4,
bolded lines). It is ecologically implausible to then infer that
forest cover had no effect on S. citrina nest occurrence from
these models, but erroneous interpretations are possible with

these kinds of results (Hosmer and Lemeshow 2000). In
logistic regression, when variables are collinear it becomes
difficult to estimate adjusted odds ratios because of the need
to invert near singular and ill-conditioned information
matrices (Aguilera et a. 2006). There is no unique solution.
This is a well-known issue for both linear and logistic
regression (Hosmer and Lemeshow 2000). Consequently,
odds ratios estimated from multivariate logistic regression
with confounded predictors may be erroneous and should be
interpreted with care (Aguilera et al. 2006).

When we used the residuals of a regression between forest
cover and connectivity (Table 2, models C2b and D2b), our
resultscould actually beinterpreted withmoreclarity, contrary
to expectations suggested by Smith et al. (2009) for linear
regression. Though the parameter estimate for forest cover in
this case includes variation shared between forest cover and
the connectivity variable, therewas still some slight variation
uniquely explained by connectivity alone, independent of
forest cover, abeit only margina and confidence intervals
spanned one. These findings were consistent for our analysis
of 2005 dataaswell (Table 4, models C2ab and D2ab). When
we checked for interactions between forest cover and
structural or functional connectivity variables, interaction
terms made no improvement on these model’s log-
likelihoods.

The ‘best’ overall model of S citrina breeding-patch
occupancy in 2004 wasamodel that included anesting habitat
variable and two measures of functional connectivity (Tables
2 and 3, model D3). Forest cover was not included in this
model, but we know that it is confounded with our measures
of connectivity (Appendix 1). RPI  was positively correlated
with forest cover (Pearson’ s correlation coefficient = 0.631, p
<0.001). Thetwo ‘best’ overall modelsin 2005 also included
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Table4. Logistic regression modelsfor S citrina nest occurrencein 2005 (n = 41) using standardized forest cover, and structural
OR functional connectivity measures. The odds ratio in logistic regression (¢"B) is the exponent of a parameter estimate and
thisprovidesan indication of effect sizewhen variables are standardized. Generally oddsratios can beinterpreted astheincrease
(or decrease) in the likelihood of (nest) occurrence with a one unit change in the predictor variable. Variable codes and

transformations are described in Table 1.

95% C.|. for e'B

Model Variablesin B s.e df e'B Lower Upper Model
the model log-likelihood

B1) Forest cover
FC 0.94 0.48 1 257 1.00 6.63 26.19
Constant 2.30 0.60 1

C1) Structural connectivity
LPA 112 0.54 1 3.06 1.07 8.73 24.56
Constant 2.38 0.62 1

C2a) Forest cover + structural connectivity
FC 021 0.69 1 124 0.32 4.74 24.46
LPA 0.96 0.73 1 2.62 0.62 11.02
Constant 2.39 0.63 1

C2b) Forest cover + structural connectivity
FC 1.50 0.72 1 450 1.10 18.44 24.46
LPA_resid" -0.86 0.66 1 0.42 0.12 153
Constant 2.39 0.63 1

D1) Functional connectivity
RPI 1.88 0.79 1 6.56 141 30.55 20.05
Constant 3.15 101 1

D2a) Forest cover + functional connectivity
FC -0.04 0.57 1 0.96 0.31 293 20.04
RPI 1.92 0.96 1 6.84 1.03 45.30
Constant 3.16 1.03 1

D2b) Forest cover + functional connectivity
FC 343 1.49 1 30.83 1.67 570.62 20.04
RPI m_r&eidT -2.89 1.45 1 0.06 0.00 0.95
Constant 3.16 1.03 1

D3) Functional connectivity
DC -0.90 0.72 1 0.41 0.10 1.68 18.39
RPI 171 0.84 1 552 1.07 28.59
Constant 3.60 1.23 1

D4) Functiona connectivity
AC_ 0.83 0.51 1 2.30 0.84 6.28 26.78
Constant 221 0.56 1

" Residuals were calculated for variables with significant linear relationships with forest cover (FC) and these independent residuals were used in modelling
(Graham 2003). Bold emphasizes coefficients with nonsensical standard errors.

functional connectivity measures alone (RPI_and DC; Table
5, model D1, D3). A model that included forest cover and the
independent variable regression residuals of functional
connectivity in 2005 (model D2b) was 3.2 timeslesslikely to
explain nest occurrence data than the *best’ model according
to AlC_scores(Table5, model D1); andstructural connectivity
modelswere 10timeslesslikely tofit thedata(Table 5, model
Cl).

Oddsratios reported in Table 2 and 4 provide an indication of
effect size given that variables were standardized prior to
regression analysis (Chinn 2000). We can see that functional
connectivity metrics had higher odds ratios in general than
structural connectivity measures. Thehighest oddsratioswere
reported for functional connectivity metrics in the ‘best’
models (Table 2 and 4, D3), and nest-site variables had the

second highest odds ratios in 2004. Forest cover also had
relatively high odds ratios when this variable was included
with connectivity residuals. To make more ecological sense
out of these odds ratios, we would need to back transform the
predictors from their standardized and logarithmic or logit
transformed scales.

Figure 2 depicts Moran's | correlograms for models with
significant residual autocorrelation. Residual autocorrelation
was not a problem for most models, however, two models
showed significant autocorrelation, and this was attributed to
thefirst distance class (< 600 m). Besidesthe nest-site habitat
only model, amodel with nest-site habitat and regional patch
importance (RPI,_) in 2004 had significant Moran’s | residual
autocorrel ation.
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Table 5. Moddl selection for S. citrina nest occurrence in 2005 (southern Ontario) with standardized site-context measures of
forest cover, and structural OR graph-based functional connectivity. Variable codes and transformations asin Table 1. Further
model details, e.g., parameter estimates, standard errors, odds ratios, can be found in Table 4.

Model Variablesin the Model log- #vars AIC, Delta Model Akaike Evidence
model likelihood AIC A likelihood weight ratiof
(w)t
B1) Forest cover FC 26.19 30.50 6.14 0.05 0.02 21.52
C1) Structural connectivity LPA 24.56 28.87 451 0.10 0.05 9.53
C2aor C2b) Forest cover + structural FC + LPA_resid 24.46 3111 6.74 0.03 0.02 29.12
connectivity
D1) Functional connectivity RPI 20.05 24.36 0.00 1.00 0.48 1.00
D2aor D2b) Forest cover + functional FC+RPI__resid 20.04 26.69 2.33 0.31 0.15 3.20
connectivity
D3) Functional connectivity DC+RPl 18.39 25.04 0.67 0.71 0.34 1.40
D4) Functional connectivity AC_ 26.78 31.09 6.73 0.03 0.02 28.93
A= AIC,-minAIC,
T w=exp(-A/2)/Zexp(-Ar/2), where r is the number of modelsin the set compared
¥ ratlo of Akal ke weight for model j to the best mode! w, (W/W)
Weight of model with the greatest support, given the data, |s hlghl ighted in bold type.
DISCUSSION

Fig. 2. Moran's | correlograms with global significance at
the p < 0.05 level based on 1000 iterations. a) 2004 nest-site
model (sS+ IS model Al); b) 2004 nest-site and functional
connectivity model (sS+ RPIm, model D1). Circled points
had significant (p < 0.05) spatial autocorrelation in that
distance class. Numbers above the points refer to the
number of pairsin each distance class.
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Before we discuss our findings, a note of caution about the
limitations of our dataset is warranted here. We investigated
the nesting occurrence patterns of arelatively rare speciesin
33 small forest fragments of southern Ontario and our sample
size was correspondingly small (n < 41 in both years) with
some pseudo-replication because various forest patches had
morethan one nest. Although wewereinterested in only three
factors: nesting habitat, surrounding forest cover, and
connectivity, the number of predictor variableswasvery high,
considering the relatively small sample size (totaling 27
possible predictors; Table 1). Univariate likelihood ratio tests
were used to reduce the number of possible predictorsin both
yearsto 16 in 2004 and 11 in 2005, but even with this number
of predictor variables, the likelihood of finding spurious
resultsis high, especialy given that we used forward (block)
selection methods (see Mundry and Nunn 2009).

It is for this reason that our results should be considered as
exploratory. However, we did not have a one to one mapping
of our variables to hypotheses (as per Burnham et al. 2011).
We had several variables for each of our three main factors,
and thesefactorswereentered asblocksof variablesinlogistic
regression, which meant that the actual number of inferential
testsperformed during forward bl ock sel ectionwasnot terribly
high for the dataset (n < 20). Moreover, we believe that the
likelihood of finding spurious results between nesting
occurrence and the three main factors of interest in this study
isrelatively low.

Importance of nesting habitat

Our results provide some support for the expectation that nest-
sitecharacteristicsof the environment at fine spatial scalesare
indeed related to the breeding distribution of S, citrina. This
finding is in concordance with the general rule that
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environmental heterogeneity at fine spatial scales influences
which species out of the regional source pool settlein an area
(Haila1983). However, a settlement pattern based on nesting
habitat alone did not fully explain the dataon S. citrina nest-
site occurrence. Some of the variance in nest-occurrence
patterns can also be attributed to surrounding forest cover and
graph-based connectivity measures, albeit one of the nest-site
habitat only models was a comparable final model in 2004.
This model was only 4.7 times less likely than a model
including functional connectivity as a probable explanation
for the breeding distribution of S. citrina. Our results are
consistent with the findings of severa other studies that have
looked at the relative importance of local habitat
characteristicsand surrounding landscape-scale variables (for
example, Drapeau et a. 2000, Hagan and Meehan 2002,
Cushman and McGarigal 2004). These studies demonstrated
that home-range or local-scale variables are equally or more
important than surrounding landscape configuration variables
though they did not examine functional connectivity per se.
For example, Cushman and McGarigal (2004) examined the
bird community in 19 landscapes ([0 300 ha in size) of the
Oregon Coast range in acomprehensive variance-partitioning
study of theinfluenceof habitat at multiplespatial scales. They
found that local-scal e variables were better predictors of bird
community structure than patch-shape metrics or landscape
cover and configuration variables. Because their study was
conducted in a predominantly forested region with patches
defined by different stages of forest maturity, they suggested
that configuration variables may be moreimportant than local
habitat factorsor surrounding forest cover in areaswith greater
contrast between forest and nonforest patches. In contrast, our
study suggeststhat habitat parameters at the scale of nest sites
may dtill have a substantial influence on the breeding
distribution of S. citrina even in an area with great contrast
between forest and nonforest patches.

Forest cover and structural or graph-based functional
connectivity

An extensive amount of research has focused on determining
the relative importance of landscape cover and landscape
configuration on population and community processes (e.g.
McGarigal and McComb 1995, Leeet al. 2002, Cushman and
McGarigal 2004, Uezu et al. 2005, Betts et a. 2006). The
ultimate goal of thistype of research is to determine species
response to habitat loss and fragmentation because these are
the dominant causes of species decline. We expected that
functional connectivity estimates would better capture the
response of individuals to landscape structure than common
measuresof forest structural connectivity, andthereforewould
better predict S. citrina breeding occurrence. So, our goal was
to examinewhether graph-based estimates of forest functional
connectivity, which consider species dispersal limitations,
were better predictors of S citrina breeding occurrence than
more typical measures of forest structural connectivity.

Avian Conservation and Ecology 7(2): 3
http://www.ace-eco.org/vol 7/iss2/art3/

Regional patch importance to the maintenance of connectivity
at maleand female S. citrina preferred nonforest gap crossing
thresholds were better predictors of nest occurrence in 2004
than surrounding forest cover, but these measures were
confounded with forest cover. Indeed, when both forest cover
within the site context and the independent effects of regional
patch importance (RPI ,_resid) were included in a model, a
one unit increase in either standardized (and transformed)
variable increased the odds of observing anest by 3.5and 2.4
times, respectively (Table 2, model D2b). The same trends
held in 2005, asregional patch importance to the maintenance
of connectivity at a male nonforest gap crossing distance
threshold was one of the strongest predictors in any model,
and this variable was confounded with forest cover. In 2005,
however, it was more difficult to tease out the unique effects
of forest cover and functional connectivity because parameter
estimates for a model with both unaltered predictors made
more ecological sense than amodel using residuals (Table 4,
models D2a and D2b).

These findings have some important implications. Measures
of forest connectivity were related to nest occurrence when
forest cover wasinthemodel suggesting that high connectivity
patches were more well-connected regionally than expected
given theamount of forest cover in the site-context. However,
we did not find any interaction effects between forest cover
and measures of forest connectivity, suggesting that effects of
connectivity were not stronger, or weaker, at low levels of
habitat. Evidence for interaction effectsis inconsistent in the
literature (Swift and Hannon 2010) with some studies finding
interaction termswere unimportant (Cushman and McGarigal
2003, Radford et al. 2005), and others reporting interactions
for some species and not others (e.g., Trzcinski et al. 1999,
Bettset al. 2006). Evidencefor interaction effectsis consistent
withtheideathat thereisathresholdlevel of habitat |ossbelow
which configuration becomes increasingly important.

As graph-based patch importance to regional connectivity
(within20 km) often had the highest oddsratios of any models,
this suggests that 1-km site-context variables alone may not
adequately capturethe settlement and nest occurrence patterns
of thismigratory bird. When S citrina return to their breeding
areas during spring migration, they tend to recolonize natal
patches and surrounding areas, and their movement patterns
arelikely to be less restricted during this period than they are
during the nesting period. Breeding-site selection is a
hierarchical decision making process in birds from the
selection of habitat at coarse spatial scalesto the selection of
aparticular forest patch (Block and Brennan 1993). Given that
regional estimates of graph-based connectivity were not as
restricted asvariableslimited to the site-context, broader-scale
measures may be better estimates of overal settlement
preferences in returning migrants. Initial patch settlement
upon return from migration should be influenced by the
distribution of forest patchesinthegreater region. Thisfinding
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could alsoindicatethat thetypical ‘landscape’ size,i.e., within
0.5 kmto 2 km of the focal patch, selected to study the spatial
distribution of neotropical migrant birds in fragmented areas
may betoo small to capturethe processof avian recolonization
after areturn from the wintering grounds. The importance of
thevariable distanceto the core popul ation in one of the‘ best’
2005 models corroborates this suggestion because the
likelihood of finding anest decreased with aone unit increase
in this standardized and transformed variable by 0.41 times.
Therefore, S. citrina nest occurrence was less likely with
increasing distance from the core population, suggesting that
their extent of occurrence may be expanding from there (see
also Melles et a. 2011), but this is an entirely correlative
conjecture.

Overdl, the more typical structural measures of forest
configuration, such asnearest-neighbor, total edge, and patch-
size, performedlesswell inmodel sof nest presenceor absence.
Betts et a. (2006) studied the independent effects of forest
fragmentation on songbirds in New Brunswick and found
amost no support for ‘pure fragmentation effects’ using
structural metrics of configuration. In our study, however,
graph-based measures of forest connectivity performed
reasonably well. Forest cover was a consistently important
predictor of nesting occurrence aswell.

McGarigal and McComb (1995) found that forest (landscape)
cover was a more important predictor than landscape
configuration for area sensitive species without exception. A
number of other avian studieshavea so shown that theamount
of surrounding forest cover had equal or larger effect sizes
than measures of forest configuration (e.g. Trzcinski et al.
1999, Lee et a. 2002, Cushman and McGarigal 2004).
However, these studies also emphasized that the relative
importance of surrounding forest cover and configuration
varies for different bird species. Even so, the comparably
strong effect size of our graph-based connectivity measures
in relation to the breeding distribution of S. citrina requires
more consideration.

Graph-based connectivity estimates may be more strongly
related to breeding species’ distributions relative to
structurally-based estimates for several reasons. First, graph-
based estimates can be explicitly tied to the species’ known
dispersal tendencies (Urban and Keitt 2001); this is a
substantial improvement over typical measures of landscape
configuration. Although there are a variety of ways that
configuration can beassessed (M cGarigal and McComb 1995,
Bender et a. 2003), it is difficult to see how a measure like
patch-size, or even nearest-neighboring patch distance, for
instance, can truly provide an estimate of landscape
configuration that will be relevant for a particular species. In
highly fragmented areas where forests are unnaturally and
evenly distributed, or in areas where forests are highly
clumped, configuration is not necessarily a predictable
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function of forest cover (contrary to Fahrig 2003, see aso
Méelles et al. 2011). Second, many studies examine relative
abundance or presence and absence data rather than actual
breeding occurrence patterns. The number of individuals in
an area can be a poor indicator of whether or not the species
is actually breeding in that area (Van Horne 1983). In this
study, graph-based connectivity was a good predictor of
breeding occurrence. In a related study, we investigated
pairing and breeding success of S citrinain relation to nesting
habitat, forest cover, andforest connectivity. Breeding success
wasmorerelated to habitat characteristicsat fine spatial scales
than to well-connected forest habitat at larger spatial scales
(Méelles 2007). Whereas the accessibility of a given forest
patch may be an important determinant of species
distribution, nesting success relies on the quality of nesting
habitat once a bird reaches a breeding patch. Third, S citrina
seem to cluster their nesting sites in relation to conspecific
birds (Melles et a. 2009). Forest patches that are well
connected for aparticul ar speciesshould support more nesting
conspecifics. S citrina demonstrates conspecific attraction,
hencethisspeciesmay bemoresensitivetoforest connectivity.

Recommendationsfor futureresearch

Hooded warblers are becoming more abundant in southern
Ontario and there is evidence to suggest that they are
expanding their range northward. As aresult, the Committee
on the Status of Endangered Wildlife in Canada recently
changed its federal status from ‘threatened’ to ‘not at risk’ in
May 2012, and the species was down-graded to ‘special
concern’ under the Ontario Endangered Species Act in 2009.
The increasing range and abundance of this species presents
agood opportunity tofurther investigateanumber of important
research questions because detailed data on the species
occurrence patterns through time in southern Ontario how
exist. We suggest the following lines of research given the
results reported herein. Graph-based connectivity measures
were used asasurrogate for functional connectivity and these
measures seem to predict breeding occurrence patterns better
than structural measures and forest cover, but more evidence
is needed to substantiate our results.

* Better account for confounding factors by increasing the
selection of forest patches surveyed or monitored and by
using statistical methods such as ridge regression
(Graham 2003).

» Perform homing experiments under different matrix
settings to better understand how both male and female
S citrinarespond to different types and amounts of open
meatrix, i.e., agricultural, rural, roads of different sizes,
etc.

* Monitor nesting success and pairing success in forest
fragments under different levels of surrounding forest
fragmentation to determine if southern Ontario
populations are generally sinks.
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* Target effects of connectivity at other levels and
components of biodiversity. Design studies that
specifically evaluate connectivity and fragmentation
impacts on multiple species, entire guilds, and functional
groups with similar movement and dispersal abilities.

CONCLUSION

Inthe context of speciesconservation planning, it isimportant
to have agood understanding of species biology to determine
how a speciesinteractswith its surroundings. For specieslike
S citrina, daily movement tendencies and social behaviors
seem to be important determinants of settlement patterns in
highly fragmented systems. Forest cover was not necessarily
an adequate surrogate for functional connectivity on
landscapesat or below thetheoretical fragmentation threshold
of 30% to 40% cover. Graph-based methods have theoretical
appeal in conservation applications and they may be quite
useful for speciesat risk planning when the species of interest
relies on connected habitat.

Responsesto this article can be read online at:
http://www.ace-eco.org/issues/responses.php/530
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Appendix 1. Candidate independent predictor variables for models of nest occurrence in 2004.
Variables highlighted in bold were selected for further multivariable logistic regressionbased
on significance of univariable likelihood ratio tests and ecological interest. Note the high
variance inflation factors (VIF) for landscape variables. Variable codes and descriptions

in Table 1.

Collinearity
Statistics
Candidate
Index variables  -2LL df Sig. Tolerance VIF
— 1 SC513 0.06 1 0.80 0.32 3.15
E 2 SC133 0.97 1 0.32 0.24 4.20
k= 3 SC310 0.40 1 0.53 0.38 2.60
=
B 4 BA 0.18 1 0.67 0.17 5.92
3 5 CG 1.35 1 0.25 0.28 3.62
) 6 CH 0.02 1 0.88 0.24 4.14
§ 7 sS 5.51 1 0.02 0.43 2.34
o 8 1S 4.97 1 0.03 0.20 4.90
17 9 ST 0.12 1 0.73 0.30 3.33
2 10 LT 3.44 1 0.06 0.33 3.02
~ 11 EDGE 1.45 1 0.23 0.21 4.68
S —
o = =
2= E 12 FC 5.16 1 0.02 0.01 119.39
o B
13 NN 0.02 1 0.89 0.14 7.25
- 14 TE 1.81 1 0.18 0.05 19.74
ST 2 15 LPA 5.48 1 0.02 0.04 27.43
D8~~~
583 g 16 SA 0.50 1 0.48 0.02 52.23
== s “ PA 0.34 1 0.56 0.01 135.78
28 = 18 MPA 2.79 1 0.10 0.00 287.37
> 19 NP 0.26 1 0.61 0.01 86.38
20 AC; 3.62 1 0.06 0.01 116.79
— 21 PI; 0.01 1 0.93 0.01 118.17
= &E 23 AC,, 5.92 1 0.02 0.00 664.04
g % Efg\ 25 PIL,, 0.02 1 0.90 0.02 68.31
S 2 % £ 26 DT 2.92 1 0.09 0.02 42.37
25 27 DC 5.68 1 0.02 0.09 10.72
O
s 28 RPI, 6.66 1 0.01 0.06 15.98
29 RPI,, 11.31 1 0.00 0.06 15.76




Appendix 2. Candidate independent predictor variables for models of nest occurrence in 2005.
Variables highlighted in bold were selected for further multivariable logistic regression based
on significance of univariable likelihood ratio tests and ecological interest. Note the high
variance inflation factors (VIF) for landscape variables. Variable codes and descriptions

in Table 1.

Collinearity Statistics
Candidate
Index variables -2LL df Sig. Tolerance VIF

52~
&8 1 FC 422 1 004  0.00 2830.16
o
o B
B > NN 000 1 095 007 15.12
o 3 TE 036 1 055 006 15.77
EEE 4 LPA 58 1 002  0.01 85.56
273 g8 S SA 439 1 004 001 212.38
g e 6 PA 246 1 012  0.04 27.58
= 7 MPA 0.26 1 061 0.00 1140.80
> 8 NP 020 1 066  0.00 548.36
9 AC, 143 1 023 003 36.37
— 10 PI, 193 1 016  0.01 136.75
= @\E 12 AC,, 363 1 006  0.00 1927.40
5§22~ 14 PI 015 1 070  0.01 154.85
0 O wm E m
5285 15 DT 004 1 083 001 216.25
2 5 fé 16 DC 615 1 001  0.03 31.07
8 17 RPI, 1036 1 000  0.00 318.69
18 RPL, 797 1 000  0.00 772.17
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