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Landscape-based population models are potentially valuable tools in facilitating conservation planning
and actions at large scales. However, such models have rarely been applied at ecoregional scales. We
extended landscape-based population models to ecoregional scales for three species of concern in the
Central Hardwoods Bird Conservation Region and compared model projections against long-term trend
data from the North American Breeding Bird Survey. We used a spatially-explicit demographic model
and structured the regional population into ecological subsections on the basis of habitat, landscape pat-
terns, and demographic rates to assess species viability. Our model projections were within 2% of the
Breeding Bird Survey trends over the last 40 years for each species. Wood thrush (Hylocichla mustelina)
populations remained relatively stable over the simulation and worm-eating warbler (Helmitheros ver-
mivorus) abundance increased throughout most of the time period until reaching carrying capacity. In
contrast, the prairie warbler (Dendroica discolor) population steadily declined by 0.59% annually. The
combination of habitat and demographic modeling allowed us to create models that address processes
driving these populations at all scales, which is critical to understanding how regional populations
respond to landscape processes such as habitat loss and fragmentation. Therefore, because it is spatially
explicit and directly addresses population growth and viability, this approach provides a valuable foun-
dation to planning conservation strategies, offering the ability to identify the most salient risks to viabil-
ity and explore ways to address them.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The ability of populations to sustain themselves in the face of
global change and habitat fragmentation and loss depends on pop-
ulation processes that occur over large scales. As a result, avian
conservation efforts increasingly target larger spatial scales (Boyd
et al., 2008; Millspaugh and Thompson, 2009). Recognition that
successful wildlife conservation and natural resources planning
must consider more than just site-level management has led to
collaboration across agency and ownership boundaries. The North
American Bird Conservation Initiative plans and implements bird
conservation in ecologically distinct Bird Conservation Regions
(BCR) with similar bird communities, habitats, and resource man-
agement issues (US North American Bird Conservation Initiative
Committee, 2000). Within each BCR federal, state, and local gov-
ll rights reserved.
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paugh).
ernment agencies and non-government organizations form joint
ventures that work to step down continental or national popula-
tion goals to ecoregional scales and to implement conservation
(Fitzgerald et al., 2009). Joint ventures use a conservation design
approach to assess the current capability of landscapes to support
species and to plan conservation actions to sustain species at de-
sired levels (Fitzgerald et al., 2009; Will et al., 2005). Integral to
this process is the development of landscape to regional-scale
models to assess habitat availability, bird-species abundance, and
population growth and viability under current and future
conditions.

Landscape-scale population viability models are potentially
valuable tools for conservation design because they integrate hab-
itat- and demographic-modeling approaches at a relevant scale.
Habitat suitability index (HSI) models can incorporate species’
habitat requirements and landscape processes to assess habitat
quality across a landscape (Dijak and Rittenhouse, 2009), or even
BCRs (Tirpak et al., 2009a,b), but by themselves do not directly ad-
dress abundance or growth. However, HSI models can identify suit-
ability of habitat patches that can be used to spatially structure
demographic models that project population growth (Akçakaya
and Brook, 2009; Larson et al., 2004). Including environmental
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and demographic stochasticity in demographic models puts
predictions in a probabilistic framework with which we can more
realistically assess viability (Burgman et al., 1993; Lande, 2002). By
implicitly considering risk, viability measures derived from these
models are fundamental to making sound decisions when assess-
ing and designing alternative management strategies (Millspaugh
et al., 2009; Morris and Doak, 2002).

Landscape-based demographic models have rarely been applied
at the scale of BCRs (but see Fitzgerald et al., 2009; Tirpak et al.,
2009b). Estimating population growth at this scale requires models
to consider large scale processes that are poorly understood. For
example, source-sink dynamics are regarded as important drivers
of populations (Faaborg et al., 2010a; Pulliam, 1988); however,
we still lack complete understanding of these dynamics in regional
populations (Faaborg et al., 2010b). Furthermore, integration of
fine scale habitat data across extents as large as BCRs results in
populations with spatial structures beyond the computational lim-
its of many population modeling programs. Last, when developing
models at the scale of BCRs, lack of comparable long-term datasets
from similar scales has limited opportunities to verify that ecolog-
ical processes are correctly and sufficiently embodied in models
(i.e., do models behave in a realistic way) (Rykiel, 1996; Shifley
et al., 2009), and validate the accuracy of their predictions against
empirical observations (Beissinger, 2002). Therefore, an approach
that can address important processes while avoiding these con-
straints is needed so that populations can be effectively modeled
at ecoregional scales.

Our objective was to extend landscape-scale demographic mod-
els to an ecoregional scale for conservation planning. Implicit in
this approach is our belief that models such as those developed
here are useful for conservation even when based on imprecise
parameters or assumptions about processes because they synthe-
size current knowledge in a transparent way, can be used to quan-
tify uncertainty, and are required to assess viability at meaningful
scales (Burgman and Possingham, 2000; Millspaugh et al., 2009).
We developed and evaluated models for three priority species of
breeding landbirds, wood thrush (Hylocichla mustelina), prairie
warblers (Dendroica discolor), and worm-eating warblers (Helmith-
eros vermivorus), in the Central Hardwoods Bird Conservation Re-
gion (CHBCR). We selected the three species because of their
priority in regional conservation and because they represent a var-
iation in suitable habitats and life history strategies. We compared
model projections to long-term trends from the North American
Breeding Bird Survey (BBS) data to verify each model’s results.
2. Study area

The CHBCR covers portions of 10 states that straddle the Missis-
sippi River in the center of the conterminous United States (Fig. 1).
Located between the 83 and 94 west longitudes and the 34 and 40
north latitudes this region is approximately 33-million ha in size.
The entire area is dominated by oak (Quercus spp.)–hickory (Carya
spp.) forests that provide habitat for many high-priority bird spe-
cies (US North American Bird Conservation Initiative Committee,
2000). While much of the land that was forested historically re-
mains so today—the region includes some of the most extensive
forests in the middle of the continent—woodlands and other com-
munities have been dramatically altered by wide-spread logging in
the early part of the 20th century and fire suppression in subse-
quent decades (Fitzgerald et al., 2005). Glades, barrens, and exten-
sive pine woodlands have largely converted to oak or oak-pine
forests but are conservation priorities (US North American Bird
Conservation Initiative Committee, 2000). Threats to the habitats
of the region include agricultural conversion of floodplain habitats
and urbanization.
Wood thrush, prairie warblers, and worm-eating warblers in
the region are all regarded with conservation concern by Partners
in Flight (Panjabi et al., 2005) or the US Fish and Wildlife Service
(US Department of the Interior Fish and Wildlife Service, 2002). De-
clines in Midwestern populations of wood thrush and prairie war-
blers are linked to fragmenting landscapes (Robinson et al., 1995;
Sauer et al., 2008) and loss of early-successional habitat (Nolan,
1978), respectively. As a result of the worm-eating warbler’s area
sensitivity when using forest interiors, Partners in Flight designates
it as a management attention priority in the CHBCR (Panjabi et al.,
2005).
3. Model development

We used a spatially-explicit demographic modeling approach
(Beissinger et al., 2009) in which we treated ecological subsections
as patches in our models. While these patches were not isolated
patches of habitat in the typical metapopulation sense, they al-
lowed for spatial structure based on ecologically relevant units
while maintaining a reasonable number of patches (Fig. 1). Each
patch represented a sub-population in the model and demographic
parameters for that sub-population were derived from habitat
attributes of the patch, using spatially-explicit suitability models.
Key in this approach was summarizing cell level demographics in
each patch to obtain patch level parameters for input into the
demographic model (Fig. 2). The CHBCR is composed of 59 ecolog-
ical subsections (Bailey et al., 1994) representing areas of similar
landform and vegetation that occur in 145 distinct patches. We
dropped 24 patches from consideration because of their small size
(<1 ha), which was a result of intersecting the BCR boundaries with
ecological subsection boundaries. The size of the remaining 121
patches ranged from 26.09 ha to >2.6 million ha (average patch
size = 250 204.13 ha SD (399840.35).
3.1. Carrying capacity and initial abundances

We determined an initial abundance and carrying capacity (K)
for a species in each patch using HSI models previously developed
specifically for the CHBCR (Tirpak et al., 2009a,b). Tirpak et al.
(2009a) developed the HSI models with knowledge from published
studies and then verified and validated them with data from the
BBS. The HSI models predict a value between 0 and 1 for each
30 � 30-m cell in the CHBCR where 0 represented non-habitat
and 1 optimal habitat. Habitat suitability index values for each cell
were based on the attributes of that cell which included landform,
land cover, and forest successional stage and of the surrounding
landscape such as patch size, interspersion and distance to edge
(Tirpak et al., 2009b).

To calculate K of each patch (Kpatch)we first calculated K of each
30 � 30-m cell (Kcell) as the product of cell area (0.09 ha), bird den-
sity (pairs/ha) in optimal habitat, and the cell HSI value; we as-
sumed bird density reached its maximum where HSI = 1 and
declined linearly to zero pairs/ha where HSI = 0. We derived bird
densities for optimal habitat from available literature (Appendix).
To estimate Kpatch, we used the Zonal Statistics in ArcGIS 9.3 to
sum Kcell of each species across grid cells within each of 121
patches (Fig. 2). We calculated initial abundances as a percentage
of Kpatch based on current knowledge of the status of each species’
population in relation to carrying capacity.
3.2. Stage-based matrix models

We used a Lefkovitch matrix model that included only females
in two stages as



Fig. 1. Location of the Central Hardwoods Bird Conservation Region within the USA. Located between the 83 and 94 west longitudes and the 34 and 40 north latitudes, this 33
million ha region includes some of the most extensive forests in the middle of the continent. This region comprises 59 ecological subsection that occur in 145 separate
patches.
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Fig. 2. Flowchart of steps involved in the parameterization of population viability models for 3 species of breeding birds in the Central Hardwoods Bird Conservation Region,
USA. Inputs into the model include patch-level demographic rates such as carrying capacities (K), initial abundances (N0), survival rates for adults (Sa) and juveniles (Sj), and
fecundity rates for adults (Fa) and juveniles (Fj). Patch-level demographics, in addition to relative rates of dispersal among patches (w) were based on cell-level patterns in the
relative productivity index (RPI), K, and the distance between cells (D).
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fj fa

sj sa

� �
;

where fj and fa are stage-specific fecundity values of juveniles
(young of the year) and adults (P1-year-old), respectively, and sj

and sa are the annual survival rates for juveniles and adults. We as-
sumed annual time steps in which ‘‘birth-pulse’’ breeding occurs
followed by a post-breeding census (Caswell, 2001). Though the
model outputs the number of adults and juveniles at each time step,
we report only the adult population size as a chief model output to
simulate survey methods for breeding birds (Akçakaya, 2002;
Larson et al., 2004). The stage-specific fecundity values are a func-
tion of maternity (number of female fledglings per female per sea-
son) and survival (Caswell, 2001). Because our models consider only
two stages and assume a post-birth census, we calculated fecundity
rates in each species’ matrix by multiplying estimates of maternity
derived from the literature by juvenile and adult survival rates.
Because productivity of migratory songbirds in the Midwestern
US is related to landscape level forest fragmentation and edge
effects (Donovan et al., 1997; Hoover et al., 1995; Robinson et al.,
1995) we modified the matrix to incorporate patch-specific mater-
nity values:

mai � sj mai � sa

sj sa

� �
;

where mai is the maternity of an adult female breeding in patch i in
the CHBCR. Because we assumed juveniles from the previous year
breed as adults (Noon and Sauer, 1992), we used adult maternity
to estimate fecundity for both stages.We calculated patch-specific
maternities using a relative productivity index (RPI) developed by
Farrand-Jones, Tirpak, Thompson, Twedt (personal communication).
We calculated RPI for each 30 � 30-m cell (RPIcell) as:

RPIcell ¼
2
3
½1:017ð1� eð�0:041cÞÞ� þ 1

3
1:012

1:0þ ð102:151eð�0:184pÞÞ

� �

where c = the percent of forest cover in a 10-km radius and p = the
number of forest cells in a 7 � 7 cell window (Fig. 3). The terms in
brackets address landscape-scale processes that act on reproduc-
tion. Each term results in a number between 0 and 1, which are then
weighted before averaging (Fig. 2). The quantity on the left side of
the equation represents 2/3 of the RPI and is a landcover (amount)
effect based on average nesting success of the species studied by
Robinson et al. (1995). The quantity on the right side of the equation
Fig. 3. Influence of landcover and edge, resulting from fragmentation, on the relative p
Region. Relative Productivity Index (RPI) values for each cell are based on the percent
number of forest cells within a surrounding 7 � 7 window. Values were used to set pat
is 1/3 of the RPI and represents a fragmentation effect based on the
amount of forest/non-forest edge nearby (Fig. 3). While this func-
tion is not validated, it represents the fragmentation paradigm that
reproductive success is lower in fragmented landscapes and proxi-
mate to edge, and that landscape scale fragmentation effects have a
greater effect than local edge effects (Chalfoun et al., 2002; Donovan
et al., 1997; Robinson et al., 1995; Stephens et al., 2004; Thompson
et al., 2002).

We calculated the RPI for each patch (RPIpatch) by averaging RPI-
cell values across all cells in each patch weighted by the density of
pairs they contain, because we assumed that the effect relative
productivity of an area has on the entire patch is conditional on
the proportion of breeding that occurs in that area (Fig. 2). Due
to their proportional nature (i.e., a patch with a value of 0.9 implies
that maternity is 90% of what would be expected given optimal
habitat) RPIpatch values can be incorporated into maternity esti-
mates if the maximum possible productivity for each species is
known. Therefore we reviewed the literature to identify ranges of
maternities or other reproductive rates from studies where maxi-
mum productivity could reasonably be assumed because the study
occurred in contiguous forest habitat with little edge (Appendix).
3.3. Dispersal

Although the CHBCR populations of the three species consid-
ered here do not resemble classic metapopulations because of
the lack of isolation (Harrison and Taylor, 1997; With, 2004), the
size of the landscape necessitates the assumption that not all areas
are available to individuals at any point. Thus, we modeled dis-
persal as a function of distance. To model dispersal we combined
assumptions about the proportion of the population in each patch
that dispersed with relative estimates of the cell-based movements
of those dispersers to the surrounding landscape. To begin, we as-
sumed dispersal in these birds was not a function of density depen-
dence, but stage related behavior [e.g., juveniles are more likely to
disperse than adults (Greenwood and Harvey, 1982)]. We assumed
that dispersal rates are stage specific with juveniles dispersing at
higher rates (90%) than adults [10%, 10%, and 20% for wood thrush,
worm-eating warblers, and prairie warblers, respectively (Hanners
and Patton, 1998; Nolan et al., 1999; Roth et al., 1996)]. We multi-
plied each patch’s stage abundances by their respective dispersal
rates to identify the proportion of that patch’s population dispers-
ing each year.
roductivity of breeding birds throughout the Central Hardwoods Bird Conservation
of forest cover within 10 km and the amount of nearby edge, characterized by the
ch-specific maternities.
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We modeled dispersal movements for all three species at a
900 m � 900 m cell scale based on the assumption that move-
ments of dispersers occurred at a scale smaller than patches, thus
allowing individuals to disperse and yet, potentially remain within
the same patch. We estimated the rate of movement from each cell
in the CHBCR landscape to all other cells as a function of distances
to and carrying capacities of destination cells. Dispersal to sur-
rounding cells decreased with distance according to a negative
exponential function (Akcakaya, 2002):

w ¼ eð�D=bÞ; if D 6 Dmax

0; if D > Dmax

where w is the rate of dispersal, b is a constant representing the
average dispersal range observed for the species, D is the distance
between cells, and Dmax is the maximum dispersal distance allowed.
We set b = 70 km based on the distance at which Tittler et al. (2006)
observed one-year time-lagged correlations between pairs of popu-
lations, suggesting wood thrush frequently disperse over such a
range. We arbitrarily assumed Dmax to be twice that of b to permit
some larger dispersal movements that seemed reasonable for a
migratory songbird. Those values were then weighted by Kcell for
each species to account for the quality and availability of habitat
in the cell. Because patches at K could still receive immigrants, this
weighting added a density (or K) dependent component to dispersal
which made models more realistic. Lastly, dispersal rates were
summarized by patches and standardized to obtain relative rates
of dispersal from each patch to surrounding patches (Fig. 2).

3.4. Density dependence and stochasticity

We used the metapopulation program within RAMAS GIS 4.0
(Akçakaya, 2002) to model density dependence and stochasticity
in our populations. We assumed ceiling-type density dependence,
which is appropriate for territorial songbirds whose breeding is
relatively unaffected by density at abundances below K (Akçakaya,
2002; but see Sherry and Holmes, 1995). However, when abun-
dances of territories increased above K, they were reduced to K.

We included both demographic and environmental stochastici-
ty in each model. We included demographic stochasticity by draw-
ing the number of survivors and the number of young produced in
each stage each year from binomial and Poisson distributions,
Table 1
Parameters used to develop landscape population viability models for three species of
breeding birds in the Central Hardwoods Bird Conservation Region in the Midwestern
United States.

Parameter Wood
thrush

Worm-eating
warbler

Prairie
warbler

Carrying capacity (pairs/ha) @
HSI = 1

0.50 0.86 1.00

Initial abundance (% of carrying
capacity)

0.12 0.20 0.50

Maximum maternity (fem/fem/
year)

1.49 1.58 1.42

Adult survival 0.61 0.60 0.60
Juvenile survival 0.29 0.30 0.31
Environmental stochasticity

(CV)
Maternity 0.27 0.27 0.27
Juvenile survival 0.25 0.15 0.15
Adult survival 0.10 0.10 0.10
Demographic stochasticity Yes Yes Yes

Density dependence Ceiling
type

Ceiling type Ceiling
type

Juvenile dispersal rate 90% 90% 90%
Adult dispersal rate 10% 10% 20%
respectively (Akçakaya, 2002). We incorporated environmental
stochasticity by selecting, annually, survival and fecundity rates
from a lognormal distribution defined by a mean, which was the
matrix value for the given rate, and a standard deviation, which
we based on the amount of temporal variation empirically ob-
served in survival or reproduction or what could be expected based
on differences in site fidelity between stages (Table 1, also see
Appendix). We assumed that patterns in survival and fecundity
rates were correlated among patches at a rate:

qij ¼ e
�Dij
140

� �

based on the distance between them (Dij), but that these rates were
not correlated with each other or K within a patch (Akçakaya, 2002).
We modeled populations over a 100 year period using 1000 simula-
tions. We chose to not incorporate catastrophes (see Lande, 2002)
into model projections due to the lack of sufficient knowledge to
accurately quantify the effects of large Midwestern catastrophes
on migrant songbird vital rates (Rotenberry et al., 1995).

4. Model evaluation

4.1. Verification

We verified each model’s projection of population growth by
comparing it to empirical trends of growth estimated from the
BBS for the CHBCR for 1966–2007 (Sauer et al., 2008). The BBS
dataset was the best available data for verification because of its
large geographic and temporal scale and it was largely indepen-
dent of our modeling efforts (i.e., only the mean dispersal distance
was based on BBS data; demographic and habitat inputs to the
models were not derived from BBS data). We did not consider such
comparisons validation because the period of BBS data did not
match the period of our models projections (i.e., we were not pre-
dicting growth from 1966–2007). However, the BBS trends were
relevant to verify if our models captured the important processes
governing these populations. Given the lack of substantial changes
(<15%) in the amount of total forest cover in the CHBCR during
1966–2007 (USDA, 2010), we expected model projected trends to
resemble those reported by BBS. However, because specific forest
components or conditions (i.e., succession stages) are important
to these birds, any specific changes to them could cause discrepan-
cies between the two estimates.

4.2. Sensitivity

We used both analytical and simulation-based methods to ana-
lyze the sensitivity of models to various parameters and assump-
tions. Given that population growth for each species varies
among patches, we calculated elasticities for vital rates under
deterministic conditions (Caswell, 2001; Mills and Lindberg,
2002) to evaluate the relative importance of survival and fecundity
rates in population growth across the landscape. We also con-
ducted conventional sensitivity analyses to explore the impacts
that management targeting habitat suitability for occupancy or
productivity can have on population growth relative to basic life
history traits. Parameters included adult and juvenile survival
rates, maternity rates, K, initial abundance, relative productivity,
and the CV in vital rates, all of which were changed by 10% in both
directions. We also investigated each model’s sensitivity to esti-
mates of dispersal distance by changing the maximum and mean
distances specified in the dispersal function to half- and twice that
of the original estimates (e.g., breduced = 35 km and Dmax(reduced) =
70 km) and recalculating relative dispersal rates between patches.
Sensitivity of viability results were evaluated by the change in the
median abundance in year 100 and the median quasi-extinction
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threshold [abundance below which 50% of simulated populations
fall during the 100 year simulation (Larson et al., 2004)].
5. Results

5.1. Deterministic results

We parameterized models for each species and used them to
project populations deterministically and stochastically for the
CHBCR. Estimates of K and deterministic growth, obtained from
running models without stochasticity, dispersal and density
dependence, varied across the landscape for each species. We esti-
mated overall carrying capacities (K) at 2968120; 7 188065; and
305952 pairs for wood thrush, worm-eating warbler, and prairie
warbler, respectively. Applying RPIpatch to maternity resulted in a
large range of patch fecundities and deterministic growth rates
(kd) based on the patch-level stage matrices for each species
Fig. 4. Distribution of deterministic (does not include stochasticity, density dependence,
of wood thrush (a), worm-eating warblers (b), and prairie warblers (c) in the Central H
populations/patches in the region having specific deterministic and stochastic growth.
(Fig. 4). Although the same RPI model was used for all 3 species,
weighting the averages by Kcell caused relative productivity to dif-
fer between species on the basis of their abundance patterns with-
in the patch. Deterministic growth rates ranged from <1 to >1 for
all three species (Figs. 4 and 5). The maximum kd = 1.04, 1.07,
1.07 for wood thrush, worm-eating warblers, and prairie warblers,
respectively, but on average kd was greatest for worm-eating war-
blers (Fig. 4). Largely due to habitat influences, only 38% of the
patches that support breeding prairie warblers had growth rates
of kd > 1.00 (Fig. 4c).

5.2. Stochastic results

Simulations with dispersal, stochasticity, and density depen-
dence resulted in a narrower range of stochastic growth rates (ks)
than when based on matrices alone (Fig. 4); nevertheless some
patches had increasing populations and others decreasing popula-
tions (Fig. 6). Dispersal enabled persistence of some populations
and dispersal) (black bars) and stochastic (white bars) growth rates for populations
ardwoods Bird Conservation Region. The vertical axis indicates the percentage of



Fig. 5. Deterministic growth estimates (kd) of wood thrush (a), worm-eating warbler (b), and prairie warbler (c) populations within in individual patches in the Central
Hardwoods Bird Conservation Region. Estimates of kd are based solely on patch-specific matrices and do not include stochasticity, density dependence, and dispersal.

Fig. 6. Stochastic growth rates (ks) growth rates of wood thrush (a), worm-eating warbler (b), and prairie warbler (c) populations in patches throughout the Central
Hardwoods Bird Conservation region from landscape population models. Estimates of ks are based on change in the median abundance of each patch after 1000–100 year
simulations that considered stochasticity, density dependence, and dispersal among patches.

T.W. Bonnot et al. / Biological Conservation 144 (2011) 2041–2053 2047
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with kd < 1, thus the regional population consisted of sources and
sinks, which together with density dependence, mediated some
variation in kd. Furthermore, as is thought to occur in source-sink
interactions, reduced reproduction and a lack of immigration into
smaller populations (Kpatch < 25 pairs) led to declines and eventu-
ally extinction (Fig. 6). Overall, these processes produced different
population trajectories for the three species. There was a small an-
nual decrease of 0.03% in the median abundance of wood thrush
(Fig. 7a). Worm-eating warbler numbers initially increased
4% annually then stabilized just below K for an average 1.47%
growth annually (Fig. 7b). The prairie warbler population declined
0.50% annually (Fig. 7c).

Population growth projections were similar to BBS trends for
the last 40 years. The predicted annual decline in wood thrush
and prairie warblers differed from BBS estimates by less than 1%
and 2%, respectively (BBS estimates of growth: wood
thrush = �0.7%, P < 0.05; prairie warbler = �2.5%, P < 0.05). Growth
in the worm-eating warbler population estimated from the BBS
was 1.9% (P = 0.12) compared to 1.47% for our modeled population.
Furthermore, the gradual decrease in growth of the worm-eating
warbler population we predicted is similar to the estimates from
Fig. 7. Estimated carrying capacities (dotted lines) and projected abundances of wood thr
Bird Conservation Region. Solid lines are mean abundances ±1 SD and are bracketed by
growth and trend estimates are based on median abundance rather than mean abundan
early (3.5% annual increase from 1966 to 1979, P = 0.39) and more
recent time periods (1.3% annual increase from 1980 to 2007,
P = 0.35) from the BBS.

Models were highly sensitive to life history traits, particularly
survival. However, populations were also affected by habitat-influ-
enced productivity and dispersal. Adult survival had the largest
proportional impact on kd across all populations for each species,
especially when relative productivity was low. However, elastici-
ties of survival and fecundity rates on kd varied across the land-
scape and the relative sensitivity to survival versus fecundity
decreased for patches with higher productivity (e.g., >80%)
(Fig. 8). In general, we observed similar results between elasticities
and the conventional sensitivity analyses in that viability estimates
from our models were most sensitive to adult survival for each spe-
cies (Table 2). Beyond adult survival, decreasing the relative pro-
ductivity of a patch based on its habitat had similar or slightly
greater effects on viability than either juvenile survival or mater-
nity rates in all three species (Table 2). Carrying capacity had rela-
tively small impacts except for worm-eating warblers, whose
population was limited by K, in which case median quasi-extinc-
tion threshold was less affected than the abundance at the end of
ush (a), worm-eating warblers (b), and prairie warblers (c) in the Central Hardwoods
minimum and maximum values (x) observed over 1000 simulations. Note: actual
ce therefore, trajectories of graphs may not accurately convey population trends.



Fig. 8. Elasticities of survival rates (adult – h, juvenile – x) and fecundity rates (adult – s, juvenile – e) from populations of wood thrush (a), worm-eating warblers (b), and
prairie warblers (c) within the Central Hardwoods Bird Conservation Region. Elasticities for each population are plotted according to the relative productivity of the patch
containing that population.
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the simulation. However, because of K constraints on the worm-
eating warbler population, this scenario reversed when changing
initial abundance; the end abundance of the worm-eating warbler
population was less affected than its viability. Wood thrush and
prairie warbler populations exhibited greater sensitivity to initial
abundance than K, probably because their populations were
declining. Reducing dispersal range increased viability and increas-
ing dispersal range decreased viability for wood thrush and prairie
warbler, however, this pattern was reversed for worm-eating war-
bler (Table 2).
6. Discussion

The combination of habitat and demographic modeling allowed
us to reasonably extend landscape-based population models to
ecoregional scales, consequently providing a powerful approach
to conservation planning at large scales. Modeled-based estimates
of future growth departed little from past BBS trends, suggesting
they effectively captured the effects of landscape patterns on pop-
ulations. Furthermore, the differences between model and BBS
estimates are readily explained by the specific changes in habitat
that did occur. For example, forest inventory and analysis data
show moderate change (<15%) in the amount of forest cover in
the region (USDA, 2010), which explains the small differences
(<1%) between modeled and observed trends for wood thrush
and worm-eating warblers. However, the early successional com-
ponent of forests (620 years old) has declined >40% during the last
20 years (USDA, 2010). Therefore, we would expect estimates of
declines in prairie warblers from BBS data to be greater than those
from our model which was based on a static landscape or constant
K. To begin at a scale as small as 30 m and see credible results at
the regional scale implies that combining habitat and demographic
modeling can address processes that drive these populations
across all scales (e.g., from linking suitability indices to demo-
graphic rates in cells to replicating source-sink dynamics across
patches). Furthermore, it enables assessment of populations in
ways that habitat-based approaches alone cannot; HSI models
may not identify the risk to a population if that population is below
K, as we predicted for the wood thrush and prairie warbler. This
approach provides a tool to assess bird species viability at the scale
of bird conservation regions. For example, based on model projec-
tions for the CHBCR there is less call for concern for worm-eating
warblers than the wood thrush population, which appear stable
but sensitive to changes in productivity, while prairie warblers
may require active steps to meet regional population goals.
Although, we acknowledge the need for and welcome continuous
evaluation and refinement, our models offer a foundation to iden-
tifying the most salient risks to viability and exploring ways to ad-
dress them.

The effectiveness of these models at a regional scale is in part
due to our ability to use ecological subsections to represent popu-
lation patches for which we could summarize spatially-explicit
habitat suitability data for modeling the effects of landscape pat-
terns on abundance and growth in populations. Given hypotheses
of habitat loss and fragmentation and the variation in landscape
pattern across the BCR, it was realistic to spatially structure the
population into subsections with different population parameters.



Table 2
Proportional changes in viability and abundance for three populations of breeding birds over 100 years in the Central Hardwoods Bird Conservation Region to a 10% decrease or
increase in vital rates and model parameters and 50% decrease or 200% increase in the range of dispersal.

Parameter/assumption Median quasi-extinction threshold (N)a Median abundance (N) in year 100

Decrease Increase Decrease Increase

Wood thrush
Baseb 205,667 346,407
Adult survival �99.7% 79.2% �99.8% 672.2%
Juvenile survival �96.8% 70.9% �97.9% 590.4%
Maternity �96.9% 72.4% �98.0% 591.2%
Relative productivity �97.1% 66.9% -98.2% 525.6%
Carrying capacity 2.9% 3.0% 4.7% 5.7%
Initial abundance �11.2% 14.1% �14.2% 13.8%
CVc survival 4.4% �2.9% 6.2% 3.1%
CV fecundity 3.2% �2.7% 3.4% 3.4%
Dispersal 12.1% �4.7% 23.2% �13.3%

Worm-eating warbler
Baseb 14,53,329 62,14,559
Adult survival �89.9% 8.5% �97.3% 12.3%
Juvenile survival �55.0% 5.9% �86.2% 10.4%
Maternity �54.5% 5.3% �86.1% 10.2%
Relative productivity �57.2% 4.1% �86.2% 9.1%
Carrying capacity �0.5% �1.2% �10.3% 9.3%
Initial abundance �10.0% 8.7% �0.3% 0.3%
CV survival �0.2% �0.9% 1.5% �0.9%
CV fecundity �0.3% �1.0% 0.6% �0.9%
Dispersal �0.2% �0.3% �0.8% 2.5%

Prairie warbler
Baseb 74,004 97,709
Adult survival �99.7% 98.1% �99.7% 156.8%
Juvenile survival �97.4% 105.8% �98.0% 166.1%
Maternity �97.4% 106.4% �97.9% 168.7%
Relative productivity �97.6% 101.1% �98.1% 155.5%
Carrying capacity �2.5% 2.2% �2.5% 2.8%
Initial abundance �3.1% 8.0% �6.4% 4.4%
CV survival 10.1% 0.9% 6.9% 2.3%
CV fecundity 6.1% �6.2% 1.9% �6.7%
Dispersal 4.8% �7.4% 5.2% �8.9%

a Abundance (adult females) below which 50% of simulated populations fell during the 100-year period.
b Absolute abundance value based on original models with unchanged parameters and assumptions.
c CV stands for coefficient of variation.
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For example, wood thrush breeding within patches occurring in
the heavily forested Ozarks, where there is relatively little frag-
mentation, had > 90% of the maximum possible productivity and
kd > 1.02 (Fig. 5a). This is consistent with other studies that consid-
ered these forests as self sustaining based on local estimates of sur-
vival and reproduction (Anders et al., 1997; Donovan et al., 1995).
In contrast, wood thrush in southern Illinois had some of the low-
est rates of reproduction in the CHBCR and in the absence of immi-
gration declined by >2% annually (Fig. 5a). This result for southern
Illinois is consistent with Trine’s (1998) conclusion that several
large forest fragments in that region acted as sinks due to sup-
pressed reproduction from parasitism.

By combining demographic and habitat-based approaches our
models appeared to effectively address population level processes
that are critical to modeling populations at an ecoregional scale.
Source-sink dynamics (sensu Pulliam, 1988) are thought to greatly
influence the persistence of regional bird populations (Freemark
et al., 1995). However, conclusive evidence of how these interac-
tions occur remains missing (Faaborg et al., 2010b). In our ap-
proach, the spatial structure of the CHBCR determined by HSI
and RPI models created the potential for source-sink interactions,
and the demographic model that included dispersal predicted pop-
ulation impacts. Source-sink interactions were most evident in the
wood thrush model, which is fitting given that this species has
been cited in many source-sink studies (e.g., Anders et al., 1997;
Donovan et al., 1995; Duguay et al., 2001; Fauth, 2000, 2001;
Tittler et al., 2006; Weinberg and Roth, 1998). For wood thrush,
patches in the western and eastern portions of the CHBCR experi-
enced moderate growth and decline, respectively, depending on
the number of nearby patches experiencing high growth, for exam-
ple the Ozarks in south-central and south-eastern Missouri (Figs. 3
and 4). Although, the interactions replicated in our model are sim-
plistic, their contribution to our effectively modeling CHBCR popu-
lations provides circumstantial evidence for the long standing
views of the importance of source-sinks dynamics in sustaining re-
gional populations of these birds (Freemark et al., 1995).

Sensitivity and elasticity analyses not only highlighted parame-
ters to which models are sensitive and thus require accurate esti-
mates, but they also demonstrated the relative responsiveness of
populations to certain aspects of management. Both elasticity
and conventional sensitivity results showed adult survival to have
the largest proportional impact on growth for each species (Table 2,
Fig. 8). Thus, there is clearly a need for accurate estimates of adult
survival when projecting population growth. However, Mills and
Lindberg (2002) point out the need to consider elasticity or impor-
tance of vital rates in the context of their natural range of variation.
Therefore, given adult survival is likely less variable through man-
agement, just as it is naturally (Sæther and Bakke, 2000), parame-
ters with high levels of variation such as those associated with
reproduction may be of equal interest. The relative increase in
the importance of fecundity rates in populations experiencing
higher productivities (Fig. 8), leads us to consider whether adult
survival or productivity is the most effective approach to maintain-
ing viability in these species. Similar comparisons exist between
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aspects of management that target productivity vs. K. Changes in K
had relatively small impacts on the three populations except when
a population was limited by K (Table 2). We do not imply that K is
unimportant to species viability; obviously continued declines in K
would be detrimental to populations. Rather, we suggest that to re-
store populations which are not limited by K, effort would be bet-
ter focused on attributes of habitat that affect productivity or
survival. For species with populations near K (e.g., worm-eating
warblers), K might be the most efficient demographic to target to
increase abundance or viability through habitat management or
restoration.

Model sensitivities to changes in dispersal range also provided
insight into interdependency of processes that drive populations
at large scales. The negative response by wood thrush and prairie
warblers to increasing dispersal range contrasted the response by
worm-eating warbler, which responded positively to such in-
creases. These types of results have been observed by others (Akça-
kaya and Atwood, 1997) and may seem counterintuitive, but can
be explained by source-sink dynamics and whether the population
was limited by density dependence or productivity. In the wood
thrush and prairie warbler populations an increase in dispersal
range meant more individuals dispersed from source patches into
patches with low productivity (sinks), so the population declined
more rapidly. However, for the worm-eating warbler, increased
emigration from patches with high productivity meant fewer indi-
viduals were affected by density dependent factors.

Although, we take some consolation that projected trends com-
pared well with observed trends, we realize the uncertainties in
our approach. While based on the best available knowledge of
demographic rates and habitat relationships for the region, many
of these values and functions are uncertain. Despite these uncer-
tainties, a strength of the modeling approach is its transparency.
Models require assigning values and specifying functions so
assumptions are transparent and testable (Burgman and Possing-
ham, 2000). Therefore, these models can continually be refined
as new information becomes available. Also, future efforts to verify
spatial patterns in growth across populations within the region
will provide more insight into the use of this approach. Where pre-
dictions deviate from observed patterns, assumptions can be inves-
tigated by further research and monitoring.

Until future research reduces the uncertainties involved in
these models, conservation decisions resulting from their output
would benefit from directly considering uncertainty. The implica-
tions of basing management on incorrect population projections
can be great (Patterson and Murray 2008). Therefore, integrating
uncertainty in specific parameters or assumptions with the mod-
el’s sensitivity to them can help quantify the effects of uncertainty
on model-based decisions (Burgman et al., 2005; Halpern et al.,
2006). Inherent in such an approach is the need for formal, com-
prehensive sensitivity analyses, such as those reviewed by Cross
and Beissinger (2001) and Cariboni et al. (2007) on all model com-
ponents. Our limited analyses demonstrated great sensitivity of
model projections to certain model parameters (e.g., adult sur-
vival), but we did not test sensitivity to other major components
such as the RPI and HSI models. Other approaches have been pre-
sented for considering uncertainty. Fuller et al. (2008) quantified
the relative impacts of uncertainty on scenario rankings to assess
the robustness of management decisions. McGowan et al. (2010)
fully accounted for risk in management and decision contexts by
explicitly incorporating uncertainty into the dynamics of popula-
tion models.

Ecoregional-scale population viability models such as those
presented here have numerous applications to conservation de-
sign. The spatially-explicit nature of landscape-based population
models allows systematic conservation planning (Margules and
Pressey, 2000; Turner and Pressey, 2009). The ability to model re-
gional population processes such as dispersal and source-sink
interactions enables conservation planners to assess how growth
in specific geographies (patches) contributes to the overall CHBCR
population. Furthermore, because each model is based on habitat
suitability, attributes that can be addressed by habitat manage-
ment can be directly related to population viability as in Duca
et al. (2009). Thus, multiple scenarios that strategically call for
management in different areas can be created and their impacts
on viability evaluated in a decision analysis framework (Maguire,
1986; McCarthy et al., 2010). Although our application of these
models was static (used only current conditions), they can be made
dynamic by incorporating estimates of future landscape conditions
(Akçakaya and Brook, 2009; He, 2009; Wintle et al., 2005). For
example, projections of future urbanization can be used to forecast
new threats to viability from further habitat loss and fragmenta-
tion (Hepinstall et al., 2009).
Acknowledgments

Funding was provided by the USDA Forest Service Northern Re-
search Station and the University of Missouri. We thank D.T. Jones-
Farrand and W. Dijak for analytical support and advice and J.A.
Fitzgerald and the Central Hardwoods Joint Venture for support
and interest. We thank 2 anonymous reviewers for helpful
comments.
References

Akçakaya, H.R., 2002. RAMAS GIS: Linking Spatial Data with Population Viability
Analysis (version 5.0). Applied Biomathematics, Setauket, New York.

Akçakaya, H.R., Atwood, J.L., 1997. A habitat-based metapopulation model of the
California Gnatcatcher. Conservation Biology 11, 422–434.

Akçakaya, H.R., Brook, B.W., 2009. Determining viability of wildlife populations in
large landscapes. In: Millspaugh, J.J., Thompson III, F.R. (Eds.), Models for
Planning Wildlife Conservation in Large Landscapes. Elsevier/Academic Press,
San Diego, USA, pp. 449–472.

Anders, A.D., Dearborn, D.C., Faaborg, J., Thompson III, F.R., 1997. Juvenile survival
in a population of neotropical migrant birds. Conservation Biology 11, 698–
707.

Bailey, R.G., Avers, P.E., King, T., McNab, W.H. (Eds.), 1994. Ecoregions and
Subregions of the United States. US Geological Survey, Washington DC, USA.

Beissinger, S.R., 2002. Population viability analysis: past, present, future. In:
Beissinger, S.R., McCullough, D.R. (Eds.), Population Viability Analysis.
University of Chicago Press, Chicago, Illinois, USA, pp. 5–17.

Beissinger, S.R., Nicholson, E., Possingham, H.P., 2009. Viability analysis to landscape
conservation planning. In: Millspaugh, J.J., Thompson III, F.R., (Eds.), Models for
Planning Wildlife Conservation in Large Landscapes. Elsevier/Academic Press,
San Diego, USA, pp. 33–50.

Boyd, C., Brooks, T.M., Butchart, S.H.M., Edgar, G.J., Da Fonseca, G.A.B., Hawkins, F.,
Hoffmann, M., Sechrest, W., Stuart, S.N., Van Dijk, P.P., 2008. Spatial scale and
the conservation of threatened species. Conservation Letters 1, 37–43.

Burgman, A., Possingham, H.P., 2000. Population viability analysis for conservation:
the good, the bad and the undescribed. In: Young, A.G., Clarke, G.M. (Eds.),
Genetics Demography, and Viability of Fragmented Populations. Cambridge
University Press, Cambridge, UK; New York, USA, pp. 97–112.

Burgman, M.A., Ferson, S., Akçakaya, H.R., 1993. Risk Assessment in Conservation
Biology, first ed. Chapman & Hall, London; New York.

Burgman, M.A., Lindenmayer, D.B., Elith, J., 2005. Managing landscapes for
conservation under uncertainty. Ecology 86, 2007–2017.

Cariboni, J., Gatelli, D., Liska, R., Saltelli, A., 2007. The role of sensitivity analysis in
ecological modeling. Ecological Modeling 203, 167–182.

Caswell, H., 2001. Matrix Population Models: Construction, Analysis, and
Interpretation, second ed. Sinauer Associates, Sunderland, Mass, USA.

Chalfoun, A., Thompson III, F.R., Ratnaswamy, M., 2002. Nest predators and
fragmentation: a review and meta-analysis. Conservation Biology 16, 306–
318.

Cross, P.C., Beissinger, S.R., 2001. Using logistic regression to analyze the sensitivity
of PVA models: a comparison of methods based on African Wild Dog models.
Conservation Biology 15, 1335–1346.

Dijak, W.D., Rittenhouse, C.D., 2009. Development and application of habitat
suitability models to large landscapes. In: Millspaugh, J.J., Thompson III, F.R.,
(Eds.), Models for Planning Wildlife Conservation in Large Landscapes. Elsevier/
Academic Press, San Diego, USA, pp. 367–390.

Donovan, T.M., Jones, P.W., Annand, E.M., Thompson III, F.R., 1997. Variation in
local-scale edge effects: mechanisms and landscape context. Ecology 78, 2064–
2075.



2052 T.W. Bonnot et al. / Biological Conservation 144 (2011) 2041–2053
Donovan, T.M., Thompson III, F.R., Faaborg, J., Probst, J.R., 1995. Reproductive
success of migratory birds in habitat sources and sinks. Conservation Biology 9,
1380–1395.

Duca, C., Yokomizo, H., Marini, M.A., Possingham, H.P., 2009. Cost-efficient
conservation for the white-banded tanager (Neothraupis fasciata) in the
Cerrado, central Brazil. Biological Conservation 142, 563–574.

Duguay, J.P., Wood, P.B., Nichols, J.V., 2001. Songbird abundance and avian nest
survival rates in forests fragmented by different silvicultural treatments.
Conservation Biology 15, 1405–1415.

Faaborg, J., Holmes, R., Anders, A., Bildstein, K., Dugger, K., Gauthreaux Jr., S.,
Heglund, P., Hobson, K., Jahn, A., Johnson, D., Latta, S.C., Levey, D.J., Marra, P.P.,
Merkord, C.L., Nol, E., Rothstein, S.I., Sherry, T.W., Sillett, T.S., Thompson III, F.R.,
Warnock, N., 2010a. Recent advances in understanding migration systems of
New World land birds. Ecological Monographs 80, 3–48.

Faaborg, J., Holmes, R., Anders, A., Bildstein, K., Dugger, K., Gauthreaux Jr., S.,
Heglund, P., Hobson, K., Jahn, A., Johnson, D., Latta, S.C., Levey, D.J., Marra, P.P.,
Merkord, C.L., Nol, E., Rothstein, S.I., Sherry, T.W., Sillett, T.S., Thompson III, F.R.,
Warnock, N., 2010b. Conserving migratory land birds in the New World: do we
know enough? Ecological Applications 20, 398–418.

Fauth, P.T., 2000. Reproductive success of wood thrushes in forest fragments in
northern Indiana. Auk 117, 194–204.

Fauth, P.T., 2001. Wood thrush populations are not all sinks in the agricultural
Midwestern United States. Conservation Biology 15, 523–527.

Fitzgerald, J.A., Thogmartin, W.E., Dettmers, R., Jones, T., Rustay, C., Ruth, J.M.,
Thompson III, F.R., Will, T., 2009. Application of models to conservation
planning for terrestrial birds in North America. In: Millspaugh, J.J., Thompson,
F.R., III (Eds.), Models for Planning Wildlife Conservation in Large Landscapes.
Elsevier/Academic Press, San Diego, USA, pp. 593–624.

Fitzgerald, J.A., True, C.D., Diamond, D.D., Ettel, T., Moore, L., Nigh, T., Vorisek, S.,
Wathen, G., 2005. Delineating focus areas for bird conservation in the Central
Hardwoods Bird Conservation Region. In: Ralph, C., Rich, T. (Eds.), Bird
Conservation Implementation and Integration in the Americas: Proceedings of
the Third International Partners in Flight Conference. 2002 March 20–24,
Asilomar, California, USA, pp. 192–202.

Freemark, K.E., Dunning, J.B., Hejl, S.J., Probst, J.R., 1995. A landscape ecology
perspective for research, conservation, and management. In: Martin, T.E., Finch,
D.M. (Eds.), Ecology and Management of Neotropical Migratory Birds: A
Synthesis and Review of Critical Issues. Oxford University Press, New York,
USA, pp. 55–84.

Fuller, M., Gross, L., Duke-Sylvester, S., Palmer, M., 2008. Testing the robustness of
management decisions to uncertainty: Everglades restoration scenarios.
Ecological Applications 18, 711–723.

Greenwood, P.J., Harvey, P.H., 1982. The natal and breeding dispersal of birds.
Annual Review of Ecology and Systematics 13, 1–21.

Halpern, B.S., Regan, H.M., Possingham, H.P., McCarthy, M.A., 2006. Accounting for
uncertainty in marine reserve design. Ecology Letters 9, 2–11.

Hanners, L.A., Patton, S.R., 1998. Worm-eating warbler (Helmitheros vermivorus).
In: Poole, A. (Ed.), Birds of North America. Cornell Lab of Ornithology, Ithaca,
USA, pp. 1–20.

Harrison, S., Taylor, A., 1997. Migration within metapopulations: the impact upon
local population dynamics. In: Hanski, I., Gilpin, M.E. (Eds.), Metapopulation
Biology: Ecology, Genetics, and Evolution. Academic Press, San Diego, USA, pp.
27–42.

He, H.S., 2009. A review of LANDIS and other forest landscape models for integration
with wildlife models. In: Millspaugh, J.J., Thompson III, F.R. (Eds.), Models for
Planning Wildlife Conservation in Large Landscapes. Elsevier/Academic Press,
San Diego, USA, pp. 321–338.

Hepinstall, J.A., Marzluff, J.M., Alberti, M., 2009. Modeling bird responses to
predicted changes in land cover in an urbanizing region. In: Millspaugh, J.J.,
Thompson III, F.R. (Eds.), Models for Planning Wildlife Conservation in Large
Landscapes. Elsevier/Academic Press, San Diego, USA, pp. 625–660.

Hoover, J.P., Brittingham, M.C., Goodrich, L.J., 1995. Effects of forest patch size on
nesting success of wood thrushes. Auk 112, 146–155.

Lande, R., 2002. Incorporating stochasticity in population viability analysis. In:
Beissinger, S.R., McCullough, D.R. (Eds.), Population Viability Analysis.
University of Chicago Press, Chicago, Illinois, USA, pp. 18–40.

Larson, M.A., Thompson III, F.R., Millspaugh, J.J., Dijak, W.D., Shifley, S.R., 2004.
Linking population viability, habitat suitability, and landscape simulation
models for conservation planning. Ecological Modeling 180, 103–118.

Maguire, L., 1986. Using decision analysis to manage endangered species
populations. Journal of Environmental Management 22, 345–360.

Margules, C.R., Pressey, R.L., 2000. Systematic conservation planning. Nature 405,
243–253.

McCarthy, M.A., Thompson, C.J., Hauser, C., Burgman, M.A., Possingham, H.P., Moir,
M.L., Tiensin, T., Gilbert, M., 2010. Resource allocation for efficient
environmental management. Ecology Letters 13, 1280–1289.

McGowan, C.P., Runge, M.C., Larson, M.A., 2010. Incorporating parametric
uncertainty into population viability analysis models. Biological Conservation.
doi:10.1016/j.biocon.2011.01.0.

Mills, L.S., Lindberg, M.S., 2002. Sensitivity analysis to evaluate the consequences of
conservation actions. In: Beissinger, S.R., McCullough, D.R. (Eds.), Population
Viability Analysis. University of Chicago Press, Chicago, USA, pp. 338–366.

Millspaugh, J.J., Thompson, F.R., III (Eds.), 2009. Models for Planning Wildlife
Conservation in Large Landscapes. Elsevier/Academic Press, San Diego, USA.

Millspaugh, J.J., Gitzen, R.A., Larsen, D.R., Larson, M.A., Thompson III, F.R., 2009.
General principles for developing landscape models for wildlife conservation.
In: Millspaugh, J.J., Thompson III, F.R. (Eds.), Models for Planning Wildlife
Conservation in Large Landscapes. Elsevier/Academic Press, San Diego, USA, pp.
1–32.

Morris, W.F., Doak, D.F., 2002. Quantitative Conservation Biology: Theory and
Practice of Population Viability Analysis. Sinauer Associates, Sunderland, USA.

Nolan, V., 1978. The ecology and behavior of the prairie warbler, Dendroica discolor.
Ornithological Monographs 26, 1–595.

Nolan, V., Ketterson, E.D., Buerkle, C.A., 1999. Prairie warbler (Dendroica discolor).
In: Poole, A. (Ed.), The Birds of North America. Cornell Lab of Ornithology, Ithaca,
USA, p. 28.

Noon, B.R., Sauer, J.R., 1992. Population models for passerine birds: structure,
parameterization, and analysis. In: McCullough, D.R., Barrett, R.H. (Eds.),
Wildlife 2001: Populations. Elsevier, London, UK, pp. 441–464.

Panjabi, A.O., Dunn, E.H., Blancher, P.J., Hunter, W.C., Altman, B., Bart, J.,
Beardmore, C.J., Berlanga, H., Butcher, G.S., Davis, S.K., Demarest, D.W.,
Dettmers, R., Easton, W., Gomez de Silva Garza, H., Iñigo–Elias, E.E., Pashley,
D.N., Ralph, C.J., Rich, T.D., Rosenberg, K.V., Rustay, C.M., Ruth, J.M., Wendt,
J.S., Will, T.C., 2005. The partners in flight handbook on species assessment.
Version 2005. Partners in Flight Tech. Ser. No. 3. Rocky Mountain Bird
Observatory, Brighton, USA.

Patterson, B.R., Murray, D.L., 2008. Flawed population viability analysis can result in
misleading population assessment: a case study for wolves in Algonquin park,
Canada. Biological Conservation 141, 669–680.

Pulliam, H., 1988. Sources, sinks, and population regulation. American Naturalist
132, 652.

Robinson, S.K., Thompson III, F.R., Donovan, T.M., Whitehead, D.R., Faaborg, J., 1995.
Regional forest fragmentation and the nesting success of migratory birds.
Science 267, 1987–1990.

Rotenberry, J.T., Cooper, R.J., Wunderle, J.M., Smith, K.G., 1995. When and how are
populations limited? The roles of insect outbreaks, fire, and other natural
perturbations. In: Martin, T.E., Finch, D.M. (Eds.), Ecology and Management of
Neotropical Migratory Birds: A Synthesis and Review of Critical Issues. Oxford
University Press, New York, USA, pp. 55–84.

Roth, R.R., Johnson, M.S., Underwood, T.J., 1996. Wood thrush (Hylocichla
mustelina). In: Poole, A. (Ed.), The Birds of North America. Cornell Lab of
Ornithology, Ithaca, USA.

Rykiel, E.J., 1996. Testing ecological models: the meaning of validation. Ecological
Modelling 90, 229–244.

Sæther, B.E., Bakke, Ø., 2000. Avian life history variation and contribution of
demographic traits to the population growth rate. Ecology 81, 642–653.

Sauer, J.R., Hines, J.E., Fallon, J., 2008. The North American Breeding Bird Survey,
Results and Analysis 1966–2007. Version 5.15.2008. US Geological Survey
Patuxent Wildlife Research Center, Laurel, USA.

Sherry, T.W., Holmes, R.T., 1995. Summer versus winter limitation of
populations: what are the issues and what is the evidence? In: Martin,
T.E., Finch, D.M. (Eds.), Ecology and Management of Neotropical Migratory
Birds: A Synthesis and Review of Critical Issues. Oxford University Press, New
York, USA, pp. 85–120.

Shifley, S.R., Rittenhouse, C.D., Millspaugh, J.J., 2009. Validation of landscape-scale
models that predict vegetation and wildlife dynamics. In: Millspaugh, J.J.,
Thompson III, F.R. (Eds.), Models for Planning Wildlife Conservation in Large
Landscapes. Elsevier/Academic Press, San Diego, USA, pp. 415–448.

Stephens, S., Koons, D., Rotella, J., Willey, D., 2004. Effects of habitat fragmentation
on avian nesting success: a review of the evidence at multiple spatial scales.
Biological Conservation 115, 101–110.

Thompson III, F.R., Donovan, T.M., De Graaf, R.M., Faaborg, J., Robinson, S.K., 2002. A
multi-scale perspective of the effects of forest fragmentation on birds in eastern
forests. Studies in Avian Biology 25, 8–19.

Tirpak, J.M., Jones-Farrand, D.T., Thompson III, F.R., Twedt, D.J., Baxter, C.K.,
Fitzgerald, J.A., Uihlein, W.B., 2009a. Assessing ecoregional-scale habitat
suitability index models for priority landbirds. Journal of Wildlife
Management 73, 1307–1315.

Tirpak, J.M., Jones-Farrand, D.T., Thompson III, F.R., Twedt, D.J., Uihlein III, W.B.,
2009b. Multiscale habitat suitability index models for priority landbirds in the
Central Hardwoods and West Gulf Coastal Plain/Ouachitas Bird Conservation
Regions. USDA Forest Service, General Technical Report, WO-NRS-49,
Washington DC, USA.

Tittler, R., Fahrig, L., Villard, M.-A., 2006. Evidence of large-scale source-sink
dynamics and long-distance dispersal among wood thrush populations. Ecology
87, 3029–3036.

Trine, C.L., 1998. Wood thrush population sinks and implications for the scale of
regional conservation strategies. Conservation Biology 12, 576–585.

Turner, W.R., Pressey, R.L., 2009. Building and implementing systems of
conservation areas. In: Levin, S. (Ed.), The Princeton Guide to Ecology.
Princeton University Press, Princeton, New Jersey, pp. 538–547.

US North American Bird Conservation Initiative Committee, 2000. Bird Conservation
Region Descriptions: A Supplement to the North American Bird Conservation
Initiative Bird Conservation Regions map. US Fish and Wildlife Service, Division
of Bird Habitat Conservation, Arlington, USA.

US Department of Agriculture, Forest Service, 2010. National Forest Inventory and
Analysis, Forest Inventory Data Online (FIDO) Web-application version 1.7.5r1.
Washington, DC: US Department of Agriculture, Forest Service. <http://
fiatools.fs.fed.us/fido/index.html> (15.02.11.).

US Department of the Interior Fish and Wildlife Service, 2002. Birds of Conservation
Concern 2002. US Department of the Interior, Fish and Wildlife Service, Division
of Migratory Bird Management, Arlington, USA.

http://dx.doi.org/10.1016/j.biocon.2011.01.0
http://fiatools.fs.fed.us/fido/index.html
http://fiatools.fs.fed.us/fido/index.html


T.W. Bonnot et al. / Biological Conservation 144 (2011) 2041–2053 2053
Weinberg, H.J., Roth, R.R., 1998. Forest area and habitat quality for nesting wood
thrushes. Auk 115, 879–889.

Will, T., Ruth, J.M., Rosenberg, K.V., Hahn, D., Fitzgerald, J.A., Dettmers, R.,
Beardmore, C.J., 2005. The Five Elements Process: Designing Optimal
Landscapes to Meet Bird Conservation Objectives. Partners in Flight Technical
Series No. 1. Partners in Flight website: <http://www.partnersinflight.org/pubs/
ts/01-FiveElements.pdf>.
Wintle, B.A., Bekessy, S.A., Venier, L.A., Pearce, J.L., Chisholm, R.A., 2005. Utility of
dynamic-landscape metapopulation models for sustainable forest management.
Conservation Biology 19, 1930–1943.

With, K.A., 2004. Metapopulation dynamics: perspectives from landscape ecology.
In: Hanski, I., Gaggiotti, O. (Eds.), Metapopulation Biology: Past, Present, and
Future. Elsevier/Academic Press, Burlington, USA.

http://www.partnersinflight.org/pubs/ts/01-FiveElements.pdf
http://www.partnersinflight.org/pubs/ts/01-FiveElements.pdf

	Extension of landscape-based population viability models to ecoregional scales for conservation planning
	1 Introduction
	2 Study area
	3 Model development
	3.1 Carrying capacity and initial abundances
	3.2 Stage-based matrix models
	3.3 Dispersal
	3.4 Density dependence and stochasticity

	4 Model evaluation
	4.1 Verification
	4.2 Sensitivity

	5 Results
	5.1 Deterministic results
	5.2 Stochastic results

	6 Discussion
	Acknowledgments
	References


