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Abstract Kirtland’s warblers (Dendroica kirtlan-
dii) persist in a naturally patchy environment of
young, regenerating jack pine forests (i.e., 5-23 years
old) created after wildfires and human logging
activities. We examined how changing landscape
structure from 26 years of forest management and
wildfire disturbances influenced population size and
spatial dispersion of male Kirtland’s warblers within
their restricted breeding range in northern Lower
Michigan, USA. The male Kirtland’s warbler popu-
lation was six times larger in 2004 (1,322) compared
to 1979 (205); the change was nonlinear with 1987
and 1994 identified as significant points of change. In
1987, the population trend began increasing after a
slowly declining trend prior to 1987, and the rate of
increase appeared to slow after 1994. Total amount of
suitable habitat and the relative area of wildfire-
regenerated habitat were the most important factors
explaining population trend. Suitable habitat
increased 149% primarily due to increasing planta-
tions from forest management. The relative amount
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and location of wildfire-regenerated habitat modified
the distribution of males among various habitat types,
and the spatial variation in their abundance across the
primary breeding range. These findings indicate that
the Kirtland’s warbler male population shifted its use
of habitat types temporally and spatially as the
population increased and as the relative availability
of habitats changed through time. We demonstrate
that researchers and managers need to consider not
only habitat quality, but the temporal and the spatial
context of habitat availability and population levels
when making habitat restoration decisions.
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Introduction

Explaining temporal trends in animal population
abundance has important implications for management
and conservation, especially for declining populations.
Understanding how past population fluctuations were
linked to changes in the landscape helps us understand
current population levels and predict future population
levels based on a landscape’s projected change.
However, the spatiotemporal interaction between
population dynamics and landscape change over an
extended period of time and large geographical area
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has not been widely studied (Andren 1994; Flather and
Sauer 1996).

Concern over declining area-sensitive neotropical
bird populations has resulted in many theoretical and
empirical studies incorporating regional and land-
scape-scale factors as predictors. Human land-use
activities are increasingly subdividing previously
continuous habitat into a patchy environment for
many bird populations. Consequently, investigations
have focused on the influence of patch geometry (i.e.,
size and isolation) on bird population demography and
persistence within the context of habitat loss, habitat
fragmentation, metapopulation and source-sink struc-
ture (Wiens 1994; Robinson et al. 1995; Villard et al.
1995; Schmiegelow et al. 1997; Trzcinski et al. 1999).
Typically, a variety of population responses (e.g.,
presence, abundance, nest success) are measured at the
patch, plot, or territory scale over a short time period
because of the impracticality in long-term sampling
over broad scales. However, inferring population
change from results derived using patch or plot-
centered studies in static landscapes is problematic
(Doak and Mills 1994; Flather and Sauer 1996;
Johnson et al. 2004). Empirical studies rarely relate
long-term population fluctuations to dynamic land-
scapes where habitat varies in extent and arrangement
through time in the focal species’ geographic range
(Brown et al. 1995; Goldstein et al. 2003). Addition-
ally, few empirical studies examine how habitat-
specific demography interacts with landscape structure
to affect population dynamics (Kadmon 1993).

Because declines are being recorded for many
neotropical migrant birds that prefer disturbance-
mediated early successional habitat (Brawn et al.
2001; Thompson and DeGraaf 2001), more attention
is being directed towards the effects of spatial
heterogeneity on these bird populations. Frequency
and intensity of natural (e.g., fire) and human
disturbances (e.g., forest management) establish the
availability and arrangement of regenerating habitat
spatially and temporally on the landscape (Pickett
and Cadenasso 1995; Foster et al. 1998). Given the
relatively short persistence time of early successional
habitat on the landscape, a rapid shifting in habitat
availability and quality may cause populations to use
habitat differently, thereby influencing population
distribution and abundance (Probst 1986; Pulliam and
Danielson 1991; Kareiva and Wennergren 1995;
Arthur et al. 1996). Studying a habitat specialist with
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a restricted distribution enhances our ability to
identify habitat availability concurrently with popu-
lation dispersion among habitat types, which will
increase our understanding of the influence of large-
scale landscape structure on populations.

The Kirtland’s warbler (Dendroica kirtlandii) is an
example of an area-sensitive neotropical migrant that
is a habitat specialist with a restricted breeding
distribution. This species, an endangered neotropical
migrant, breeds exclusively in young jack pine (Pinus
banksiana) forests primarily in northern Lower
Michigan on nutrient-poor, sandy sites in glacial
outwash ecosystems (Mayfield 1960; Kashian et al.
2003), and limited areas in the Upper Peninsula of
Michigan (Kepler et al. 1996; Probst et al. 2003).
Because of this narrow range in suitable breeding
habitat, potential breeding areas can be easily iden-
tified and monitored for singing males (Ryel 1981).

The entire known male Kirtland’s warbler breed-
ing population in Michigan has been censused
annually since 1971 after the previous decennial
census indicated a 60% decline in the population
(Walkinshaw 1983). Lack of suitable habitat was
determined to be the ultimate factor limiting popu-
lation numbers when brood parasitism by brown-
headed cowbirds (Molothrus ater) was controlled
(Byelich et al. 1976; Probst 1986; Kepler et al. 1996).
Early-successional jack pine habitat, typically created
after wildfires, declined on the landscape with greater
fire suppression during the mid-century. To reverse
the declining population trend, management agencies
established an extensive habitat restoration program
in 1981 that incorporated plantations and unburned,
natural regeneration to supplement wildfire-regener-
ated habitat (Probst and Weinrich 1993; Kepler et al.
1996). By the 1990s, the composition of potential
breeding habitat had become primarily plantation
rather than wildfire-regenerated areas (Kashian et al.
2003; Probst et al. 2003) having the potential to alter
how males were responding to landscape structure.

The Kirtland’s warbler population, thus, consists
of many loose aggregations of birds that continually
shift throughout the landscape in response to regen-
erating habitat. The relationship between habitat
amount and population size is, in part, the balance
of newly created habitat versus old, declining habitat
(Probst 1986) on the landscape, and the relative
amounts of habitat types. The birds have different
demographic rates among regenerating habitat types
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(Probst 1986; Probst and Hayes 1987; Bocetti 1994).
Determining the degree to which differential habitat
use and density influence the spatiotemporal popula-
tion dynamics will be important to future predictions
of population growth in relation to changing amounts
and arrangement of habitat types (Pulliam et al. 1992;
Morris 2003).

Using the historical results of the annual male
Kirtland’s warbler official census (Ryel 1981; Probst
et al. 2005) and other temporally referenced land-
scape data, the objectives of this study were to: (1)
determine the male population trend from 1979 to
2004 to identify the timing and extent of population
fluctuations; (2) determine the relative influence of
habitat amount, arrangement, and differential male
use of habitat types on population trend estimates;
and (3) map the spatial dispersion of the population
during identified time periods.

Methods
Study area

This research was primarily restricted to 23 established
Kirtland’s warbler management areas (KWMAs) in
northern Lower Michigan, USA containing the pre-
scribed densities and arrangement of jack pine (i.e.,
patches have greater density than forestry plantations;
rows planted in an opposing wave pattern). KWMAs
are dispersed across an area approximately 137 km x
130 km covering 71,610 ha. Management areas
varied in size between approximately 1,400 and
13,000 ha. Outwash sands (i.e., Grayling series)
deposited by glacial meltwaters dominate these areas.
These soils generally lack weatherable minerals, and
are excessively well drained. Late-spring and fall
freezes are common due to the area’s inland location
and relatively high elevation contributing to the area’s
unfavorable growing conditions (see Kashian et al.
2003). Few Kirtland’s warblers nest on lands outside of
KWMAs. Habitat on other public and private lands
usually lack the dense jack pine necessary to provide
adequate canopy cover for nesting, are too small, or
are not located on the well-drained soils required by
this species’ habitat. The KWMAs are primarily
surrounded by public or commercial forested lands
that are managed for forest products, wildlife, and
recreation.

Jack pine forests within KWMAs tend to be nearly
pure, even-aged stands with scattered northern pin
oak (Quercus ellipsoidalis), trembling and bigtooth
aspen (Populus tremuloides and P. grandidentata),
black cherry (Prunus serotina), and choke cherry
(P. virginiana) (Probst 1988). Ground cover is a
mixture of low shrubs (e.g., blueberry, (Vaccinium
angustifolium), juneberry (Amelanchier spp.), sweet-
fern (Comptonia peregrina)), grasses, sedges, forbs
and exposed bare ground (Byelich et al. 1976;
Bocetti 1994; Probst and DonnerWright 2003).

Male abundance

Annual male population abundance from 1979 to
2004 was retrieved from the annual Kirtland’s
warbler official census completed over its entire
breeding range during the breeding season (Ryel
1981; Probst et al. 2005). Females do not sing. The
official census was found to be a good index of the
male population trend (Probst et al. 2005).

Defining the landscape structure

We merged geographic vector coverages of KWMAs
maintained independently by the Huron-Manistee
National Forests and the Michigan Department of
Natural Resources. Lands within KWMAs are par-
celed into management stands for planning purposes.
Only management stands typed as jack pine were
included in the base coverage with the assumption that
those stands contained the minimum cover and stem
densities required for breeding habitat (see above).
Each management stand in the coverage was attributed
with area, year of origin (i.e., year planted or burned or
harvested and left to naturally regenerate), and regen-
eration type (plantation, wildfire-regenerated, and
unburned, natural regeneration). Stands were attrib-
uted with the number of males recorded during the
Kirtland’s warbler official census from 1979 to 2004.

Areas outside KWMAs were added if >2 males
used the area for >2 years; areas with <2 males were
excluded from analysis. We assumed that the consec-
utive use of a patch indicated the patch contained the
minimum cover and stem densities required for
breeding. Included areas were typically on state and
federal lands, but outside designated KWMAs, and
were primarily forestry plantations (i.e., wider plant-
ing specification than that used for Kirtland’s warbler
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plantations) that typically had a large component of
volunteer jack pine regeneration. Based on this
definition, twenty-two patches totaling approximately
1,000 ha (1.6% of the landscape) and containing 35
males (0.2% of the cumulative total males) were not
included in the base coverage. Federal and state stand
management maps and 1992 digital orthoquads were
used to recreate and digitize patch boundaries for these
areas, and to reconcile past wildfire areas.

Because 2 year-old stock is used for planting
federal and state lands, the year of origin for jack pine
plantations was adjusted by 2 years to make the age
structural components more similar between planta-
tions and the other regeneration types. Adjacent
management stands of the same regeneration type
that had year of origin within 1 year were merged to
form patches of similar age.

The 1980 Mack Lake Fire burned more than
24,000 ha over a diversity of physiographic areas
causing jack pine regeneration to occur at different
rates. Jack pine regenerated quicker in high-elevation
areas compared to low-elevation areas resulting in
various heights of trees and degrees of suitability
within the burn apart from age (Walker et al. 2003).
Based on these findings, the Mack Lake Burn area,
after adjusting the year of origin for each manage-
ment stand within the burn area, was separated into
five patches based on jack pine growth rate and
elevation (after Walker et al. 2003).

Defining suitable habitat

Whether a patch is suitable habitat within a given
year depends on its age because of the changes in
sampling height, understory, canopy cover, and lower
live branch height (Probst 1988; Probst and Weinrich
1993). Suitable habitat was defined as jack pine
patches 5-23 years old and >12 ha. This was the
broadest definition possible based on the historical
use of jack pine habitat by males (Probst and
Weinrich 1993) and reflects how males used the
habitat 1979 through 2004. The minimum patch size
required for breeding has previously been reported as
32 ha (Mayfield 1960; Walkinshaw 1983); however,
this was based on male use of the landscape prior to
and during the 1980s, and did not incorporate forest
openings. Reanalysis of male use based on our
definition showed that males used patches as small as
12 ha from 1979 to 2004; specifically, 663 males
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(4.8% of all males) used 67 patches that were
12-32 ha in size. Nearly 9% of the habitat was
composed of patches between 12 and 32 ha. Many of
these patches were within larger complexes of
suitably-aged jack pine habitat making these smaller
areas more attractive to the warblers (Mayfield 1960;
Walkinshaw 1983; Probst and Weinrich 1993).

Defining predictor variables

Population trends may be influenced not only by the
total amount of suitable habitat, but by its composition
if there is differential habitat use. Suitable habitat was
subset into various habitat type-age categories to
capture whether composition of the suitable habitat
influenced the population trend (see Table 1). Suitable
habitat was divided into three regeneration types:
wildfire, plantation, and unburned, natural regenera-
tion. Optimal habitat was defined as 8-15 year old
wildfire-regenerated habitat based on higher produc-
tivity, and historical male preference for wildfire-
regenerated habitat (Probst 1988; Probst and Weinrich
1993; Bocetti 1994). Optimal Kirtland’s warbler
habitat (i.e., those stands with the highest density of
warblers) has more than 7,500 stems per hectare,
between 35% and 65% canopy cover, and is usually
regenerated after wildfires in Lower Michigan (Probst
1988; Probst and Weinrich 1993). The 815 year old
age class represents a time when singing males have
been historically found at peak numbers within
wildfire areas (Probst 1988). Young habitat was
defined as 5-7 year old habitat of all regeneration
types to describe the influx and availability of
upcoming habitat on the landscape. This age category
corresponds to a time when male numbers are
typically low and building (Probst 1988). Marginal
habitat was defined as 5-7 year old open, natural
regeneration habitat (i.e., low stem density), because
of reported lower densities and pairing success under
habitat and age conditions relative to optimal breeding
habitat (Probst and Hayes 1987).

The annual average patch size and density, and the
average nearest neighbor distance to another occu-
pied patch were measured (ArcMap GIS software,
ESRI, Redlands, CA). The average nearest neighbor
distance between patch centroids of occupied patches
was calculated using the Average Nearest Neighbor
Distance tool. Because the amount of suitable
breeding habitat changed annually, patch density
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Table 1 Summary of candidate generalized additive models
relating the annual population of male Kirtland’s warblers
censused in northern Lower Michigan, 1979-2004, to

landscape structure and habitat use including the generalized
cross-validation score (GCV), and the difference between the
minimum model and other candidate models (AAICci)

Variable Estimated degrees of  Percentage deviance GCV AAICci Akaike
freedom explained score weight

Amount of suitable habitat + % suitable 54,12 97.3 17.9 0.0 0.997
habitat wildfire

Amount of suitable habitat + % suitable 4.8;2.5 97.1 21.7 11.5 0.003
habitat optimal

Amount of suitable habitat + % males in 3.5; 1.0 96.6 15.8 33.0 6.8E-08
marginal habitat

Amount of suitable habitat 5.6 94.6 29.6 154.7 2.5E-34

% Suitable habitat occupied 1.9 81.2 60.8 9454 0

% Suitable habitat wildfire 1.3 76.1 71.8 1248.1 0

Distance to nearest occupied patch 13 75.3 73.9 12938 0

Patch density 1.5 67.7 98.9 17473 0

% Suitable habitat young 1.2 423 169.5 36552 0

% Males in marginal habitat 1.5 35.3 198.4 36855 0

% Suitable habitat optimal 1.4 23.3 23346 43984 0

All variables in each model are significant at approximate P < 0.05

(number of patches per 1,000 ha suitable habitat),
which is a scaled index of patch size, was used.

The distribution of individuals among various
habitats may influence population dynamics (Pulliam
1988; Pidgeon et al. 2003). Probst and Weinrich
(1993) proposed that the high proportion of males in
marginal habitat from 1984 to 1989 would slow
population growth. Thus, percentage of males in
marginal habitat was included as an explanatory
variable. Additionally, the percent of suitable habitat
occupied by males was included as a more general
index of male habitat use.

The amount of edge and core area is often
measured in studies on neotropical migrant birds
due to reported increased brood parasitism and nest
predation with increasing patch edge and decreasing
patch core area from forest fragmentation. During the
time of this study, brown-headed cowbirds were
trapped in breeding areas to minimize brood parasit-
ism, so core/edge metrics were not included as
explanatory variables.

Analytical approach
Generalized additive models (GAM) were used to

estimate a nonparametric smoothed trend of the
annual population count of singing males as a

function of year and to the temporally-referenced
explanatory covariates. In GAMs, the response is
modeled as the additive sum of smoothed functions of
predictor variables (Wood 2006). The smoothing
procedure is incorporated into the model-fitting
process so the data determines the nature of the
relationships between the response and the set of
explanatory variables rather than assuming some
form of parametric relationship (Wood 2006).

GAMs were fit using the ‘mgcv’ package in the R
software environment using a penalized thin plate
regression spline basis to represent the smooth
functions, which automatically selects the degree of
smoothness of the functions (Wood 2006). The
degree of smoothness is controlled by the smoothing
parameter, which is calibrated by the degrees of
freedom associated with the smoothing function. The
smoothing parameter was set at 1.4 to correct over-
fitting tendencies (Wood 2006, p. 224).

The number of singing males was modeled as a
Poisson-distributed response variable with a log link
function to year to determine the timing, length and
trend of population fluctuations over the 26 years. To
determine the uncertainty of the estimates, a 95%
Bayesian confidence interval for the nonlinear func-
tions was obtained from 100 simulations of
the posterior distribution of the model coefficients
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(Wood 2006). A piecewise-regression model was
used to determine significance of the change points
identified visually from the fitted GAM population
curve. These change points were used to divide the
population growth curve into different periods.

The relationship between the observed annual
male population trend and explanatory variables were
examined using GAMs (Table 1). The small sample
of 26 years prevented more than two predictor
variables being included in any one model. Thus,
the candidate set of 11 models included each
predictor variable singularly and several bivariate
models (Table 1). Variables in the bivariate models
were not highly correlated with the amount of habitat
(r < 0.70). Partial deviance residual diagnostic plots
were examined to check model assumptions. Model
fit was determined based on the percentage deviance
explained (a generalization of R?). Candidate models
were compared using the minimum generalized
cross-validation score and the differences in Akaike
Information Criteria scores corrected for small-sam-
ple size (AICc) over the set of candidate models
(Burnham and Anderson 2002).

The location and relative abundance of the singing
male population within patches was mapped to show
their spatiotemporal distribution (i.e., clumping)
across successive population periods identified from
the GAM and breakpoint analyses.

Results
Change in landscape structure

The primary change on the landscape was the nearly
150% increase in the annual total area of suitable
habitat from 1979 to 2004 (Fig. la). The amount of
suitable habitat increased annually until 2002 when it
began decreasing with the maturation of the early
1980s plantations and areas within the Mack Lake
burn. As expected, an almost four-fold increase in
plantation habitat accounted for the increase in
suitable habitat, and comprised 77.1% of the total
suitable breeding habitat by 2004 (Fig. 1a). By 1992,
plantation habitat was nearly twice as abundant as
wildfire habitat on the landscape, and by 2000,
amount of plantation habitat was triple that of
wildfire habitat. Even though wildfire habitat
increased 52%, it composed only 18.2% of the
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suitable habitat by 2004 compared to approximately
one-third from the 1980s to the mid-1990s (Fig. 1a).
Wildfire habitat composed a higher percentage of the
total suitable habitat from 1985 to 1991 primarily
from four aging large wildfires with origins in the
1970s, and from emerging areas within the 1980
Mack Lake Burn. The amount and proportion of
unburned, natural regeneration habitat declined to
less than 5% of the total suitable habitat by 2002.

In conjunction with the annual increase in suitable
habitat, the number of suitable patches on the landscape
increased (Fig. 1b). Furthermore, patch density
declined 26.1% (Fig. 1b) reflecting increased patch size
on the landscape (Fig. 1c). The mean size of plantation
patches gradually increased from 40 to >60 ha by 2004.
Number of wildfire-regenerated patches remained
fairly constant (N = 30-34) (Fig. 1b) with the mean
size varying from 110 to 210 ha, much larger than
plantations (Fig. 1c). More wildfire patches occurred on
the landscape in the mid-1980s and 1990 (N = 41-43)
and in 1995 (N =43) primarily from the 1980
Mack Lake Burn and the 1990 Stephan Bridge Burn,
respectively. The average distance between occupied
patches decreased 60% by 2004 from 3.5 to 2.3 km
(Fig. 1d).

In 1994, occupied habitat increased from the
relatively constant 30-34% range in the preceding
decade to approximately 40% for the next decade
(Fig. 1e). Males occupied one-half of the suitable
habitat area from 1997 to 1999. Optimal habitat
dropped below 10% of suitable habitat during 1984—
1987 and 2001-2004 (Fig. 1f). During both periods,
existing wildfire areas were aging, and there was an
absence of any substantial amount of emerging
wildfire areas. Wildfires originating in 1965-1975
were declining in suitability by 1984, and the
extensive 1980 Mack Lake Burn was declining in
suitability by the early 2000s. Prior to 1984, however,
nearly 20% of suitable habitat was optimal (Fig. 1f).
The period from 1984 to 1987 also saw the largest
percent of suitable habitat composed of developing,
young habitat (>25%) (Fig. 1f), which were the
earliest plantations under the expanded habitat man-
agement program begun in 1981.

Population temporal trends

Singing male Kirtland’s warblers increased from 205
to about six times that (1,322) in 2004. The annual
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Fig. 1 Annual trends in landscape metrics measured on
Kirtland’s warbler’s potential breeding habitat (5-23 years
old) within their primary breeding range, northern Lower
Michigan, 1979-2004. Only jack pine patches within

number of males as a smoothed function of time
(GAM with 6.26 e.d.f.) indicated a significant non-
linear increase over the 26 years (F = 226.7,
P < 0.01; Fig. 2). The years 1987 and 1994 were
identified as points of change in the population
increase. Prior to 1987, the male population declined
from 205 to 167 males (Probst and Weinrich 1993;

Year

Kirtland’s warbler management areas >12 ha and patches
used >2 years by more than two male Kirtland’s warblers if
outside the management areas are included

Probst et al. 2003). After 1987, the male population
began increasing, but the rate of increase slowed
slightly around 1994 (Fig. 2).

The model that included amount of suitable habitat
and percentage of wildfire-regenerated habitat was
the best model for the population trend given the
models evaluated (Table 1). The second ranked
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Fig. 2 Kirtland’s warbler male population curve using census
data collected within their primary breeding range, northern
Lower Michigan, 1979-2004. Solid curve represents the
population curve from a generalized additive model with
6.26 estimated degrees of freedom. Dotted curve represents the
95% Bayesian confidence interval obtained by 100 simulations
from the posterior distribution of the model coefficients (Wood
2006). Change point analysis identified 1987 and 1994 (dashed
vertical line) as significant points of change in the gradient of
the population increase

model (based on AICc score) included the amount of
suitable habitat and percent optimal habitat. How-
ever, the best model has an Akaike weight of 0.99
and is 314 times better than the second model in
explaining the data.

The Kirtland’s warbler population was evidently
tracking the increasing trend in suitable habitat on the
landscape, but it was moderated to some degree by
habitat origin. Prior to 1985, the percentage wildfire
habitat was slightly declining as was the population
trend (—18.5% change) until developing suitable
habitat from the 1980 Mack Lake Burn became
suitably-aged in 1985 (Fig. la). The population
lagged behind this habitat increase and didn’t begin
increasing numbers until after 1987 (Fig. 2). Addi-
tionally, optimal habitat defined by both age and
origin from wildfire shows a declining trend from
1979 to 1987 (Fig. 1f).

The period 1988-1994 was characterized by a
tripling in male warbler numbers (210% increase)
over 7 years. Suitable habitat was composed of some
of the largest relative amounts of wildfire habitat
during this period (Fig. 1a). After 1994, the rate of
population increase slowed, but still nearly doubled
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over the next 10 years (74.6% increase; Fig. 2). The
percent of wildfire habitat began declining during this
time (Fig. 1a). Areas of the 1980 Mack Lake Burn
were becoming unsuitable, and the few developing
wildfire areas were not large enough to substantially
contribute to the overall amount of suitable habitat on
the landscape.

Population spatial dispersion across the breeding
range

From 1979 to 1987, singing male Kirtland’s warblers
occupied nearly one-third of the suitable habitat area
(Fig. le), but occurred in relatively few patches each
year (20-35 patches) (Fig.3). Many occupied
patches contained <10 males. Six maturing wildfire
areas distributed across the species geographic range
contained 70-80% of the male population (Fig. 3;
Probst and Weinrich 1993). From 1979 to 1987,
unburned, natural regeneration habitat held relatively
more males than other years, but by 1986, males were
beginning to redistribute out of this habitat into
developing habitat (Probst and Weinrich 1993); from
1986 to 1989, 7.1-17.5% of males were found in the
young habitat category. Young habitat during this
time was composed primarily of the 1980 Mack Lake
Burn area and plantations created during an acceler-
ated habitat management program in 1981.

From 1988 to 1994, approximately 75% of males
were found in wildfire habitat. Males declined in
number in the older wildfire areas, but increased in
number within the Mack Lake burn area and within
the 1975 Bald Hill Burn (Fig. 4). Several larger
plantations in the Damon Area began building in
male numbers as well (Fig. 4). These areas had
several orders of magnitude more males than other
areas. Male Kirtland’s warblers broadened their
geographic distribution into peripheral KWMAs,
most notably eastward into the developing plantations
in the Pine River KWMA (Fig. 4). By 1994, males
shifted almost entirely out of natural regeneration
habitat (2.5% males), and the percent of males found
in plantation habitat slowly increased (21.2-51.7%)
as the percent of males in wildfire habitat slowly
declined (76.4-47.0%). Specifically, males went from
using 12 plantation patches to 61, and 19 to 13
wildfire patches (Fig. 4) reflecting the shift in devel-
oping versus declining habitat types. By 1994, more
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Fig. 3 Map of the
aggregated spatial
distribution of male
Kirtland’s warblers
population across their
primary breeding habitat in
northern Lower Michigan,
1979-1987; males were
primarily distributed within
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Fig. 4 Map illustrating the
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males were occupying plantation rather than wildfire
habitat for the first time.

From 1995 to 2004, male Kirtland’s warblers
continued redistributing into plantations from wildfire
habitat. About 85% of the males were found in
plantation habitat by 2004. Males again used

unburned, natural regenerated areas, increasing to
almost 5% by 2004. With the increase in population
size and subsequent use of plantations, the spatial
dispersion of abundance became more evenly dis-
tributed throughout their lower breeding range. Males

expanded their use of the northeastern and
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southernmost KWMAs (Fig. 5). Many patches had
fewer than 100 males (Fig. 5). Interestingly, males
began using areas outsidle KWMAs more frequently,
particularly areas between the southern KWMAs.

Discussion

Analyzing a species’ spatiotemporal response to
changing landscape structure identifies potential
causes of population fluctuations important for
long-term conservation, especially when applied
throughout a species’ range. Our analyses regarding
associations between landscape structure and the
male Kirtland’s warbler population trend from 1979
to 2004 identified three periods of population growth.
Total amount of suitable habitat and relative area of
wildfire-regenerated habitat were the most important
factors explaining the population trend. In addition,
the relative amount and location of wildfire-regener-
ated habitat influenced the male Kirtland’s warbler
distribution among various habitat types, and spatial
dispersion across the landscape through time.

In simulated landscapes, amount of suitable habitat
in the landscape rather than the spatial arrangement
of the habitat explains more variation in population
size (i.e., pure amount effect) (Andren 1994; Fahrig
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1997, Flather and Bevers 2002). However, a review
of empirical studies on bird populations in forest/
agricultural landscapes (Mazerolle and Villard 1999)
found patch characteristics (i.e., configuration) rather
than habitat amount influenced bird responses and
landscape predictors usually complemented patch
characteristics. Fahrig (2003) contends that when
habitat amount is not held constant or defined as is
the case in many empirical studies, however, patch
isolation becomes a function of reduced habitat
amount rather than configuration as it is often
depicted. In her review of empirical studies that
controlled for habitat amount, habitat cover (i.e., loss)
effects were much stronger than the configuration
effects. However, recent literature suggests that
statistical methods often used by empirical studies
to control for the covariation between habitat amount
and fragmentation (e.g., regression of residuals) can
bias results towards habitat amount (Koper et al.
2007). Results from this empirical study where
habitat amount varied temporally within defined
management areas supports the relative importance
of habitat amount in regulating regional bird popu-
lation temporal abundance. Candidate models that
included factors describing male habitat use and
habitat arrangement such as distribution of males in
marginal habitat, distance to the nearest occupied
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patch, and patch density were relatively unimportant
to the population trend compared to total habitat
amount.

The redistribution of the male population across
the landscape with the location and aging of their
preferred wildfire habitat suggests that patch quality
is an important determinant of population spatial
dispersion at coarse scales. With et al. (1997) using
neutral models found that increasing habitat area
increased connectivity causing populations to become
more randomly distributed across the landscape once
habitat amount is above a critical threshold on the
landscape; however, species with habitat affinities for
an uncommon habitat type retain a patchy distribu-
tion. Additionally, when the uncommon habitat type
had the highest quality, based on a higher carrying
capacity, the population became more aggregated
across the landscape. Our results support these
findings. Due to the species’ habitat specificity, the
Kirtland’s warbler population retained a patchy
distribution across the landscape despite increasing
habitat. This pattern, however, was enhanced by the
spatially disjunct nature of the management areas.

The influence of wildfire habitat was most evident
temporally when areas within the large Mack Lake
Burn of 1980 became suitable around 1987; this
increase in habitat corresponded with an increase in
the Kirtland’s warbler population. Further, males
spatially redistributed from aging wildfire areas into
the developing areas within Mack Lake Burn (this
study; Probst and Weinrich 1993). The male popu-
lation change in 1994 appeared due to a combination
of plantation and wildfire habitat. Specifically, males
began dispersing into plantation habitat when wild-
fire-regenerated habitat began declining near 1994.
For the first time, most males were found in
plantation habitat in 1994 and afterwards.

This shift of males out of their historically
preferred wildfire habitat and into plantations may
explain the slowing of the population increase if
demographic rates between the two habitat types
differ. From 1990 to 1992, Bocetti (1994) found that
the mean number of young fledged per nest attempt
was comparable between plantation and wildfire
habitat of different ages, but fewer nests were
initiated in plantation habitat due to fewer females
per male as a result of more unmated males in
plantations and greater polygyny in wildfire habitat.
In addition, there was a slightly lower mean clutch

size in plantations than wildfire habitat. She con-
cluded plantations were acting as source habitats
even though they produced slightly fewer young than
wildfire areas (Bocetti 1994), but it is difficult to
attribute small productivity differences to habitat type
only. Plantations were typically smaller than wildfires
areas (Donner 2007), so patch size may be influenc-
ing demographics as well.

The importance of patch-age distribution and the
percent of males in marginal habitat to population
growth were not evident in this study. Probst and
Weinrich (1993) predicted that population growth
would slow after 1992 because of the declining
suitability of the Bald Hill Burn and the high
proportion of males in marginal habitat in 1984 and
1987. Additionally, the authors predicted that the
high proportion of males in wildfire areas from 1988
to 1991 might increase annual productivity so that
males would fully occupy areas that were suitable
from 1990 to 1993. Our study found that the
population began slowing several years later than
predicted. In addition, not until 1994 did males begin
occupying a higher proportion of suitable habitat.
However, our results agreed with the predicted
patterns of a slowing population, and that the
population would occupy more of the available
landscape (Probst and Weinrich 1993). The differ-
ence in predicted years between the studies was likely
due to the age definition of suitable habitat. Probst
and Weinrich (1993) used a more restrictive defini-
tion of suitable habitat for their predictions
(8-20 years for wildfire habitat and 10-20 years for
plantation and unburned, natural regeneration habi-
tat). As a result, the timing of events would differ and
the predicted annual amount of suitable habitat on the
landscape would be less compared to our study.

Males’ preference for using wildfire habitat may
reflect the number or quality of suitable nesting
(territory) sites available within these areas. Com-
paring a subset of wildfire and plantation areas,
Bocetti (1994) found wildfire sites had greater jack
pine density, more openings, and greater woody
debris, which are all important local characteristics
for nesting and foraging (Probst 1988; Bocetti 1994).
This information, along with habitat differences in
pairing success (Probst and Hayes 1987) and demo-
graphics (Bocetti 1994), suggests there may be a
difference in the number and quality of sites available
for the warblers among the regeneration types.
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Theories of habitat selection (Fretwell and Lucas
1970; Pulliam and Danielson 1991; Brown et al.
1995) predict males should move into lesser-quality
sites as higher-quality sites are filled. When the
Kirtland’s warbler population was at low levels in the
late 1980s and early 1990s, individuals were using
the poorer quality unburned, natural regeneration
areas, presumably because the aging higher-quality
wildfire habitat was near saturation (Probst and
Weinrich 1993). Once additional wildfire habitat
was available, the population redistributed into these
areas and essentially stopped using unburned, natural
regeneration habitat (Probst and Weinrich 1993). At
relatively higher population levels (late 1990s), males
began using this poorer-quality habitat again. Opti-
mal wildfire habitat was declining in suitability due to
succession, and plantation habitat was potentially
near saturation during this period. The effect of male
distribution in poorer-quality habitat on the popula-
tion’s temporal patterns in abundance, however, was
not evident. The proportion of males found in
unburned, natural regeneration habitat at high popu-
lation levels in the late 1990s (around 6%) was
potentially too low to effectively slow the population
growth compared to when nearly 15% of males were
using unburned, natural regeneration in the early
1980s during low population sizes.

The observed spatiotemporal population patterns
occurred in the absence of significant brown-headed
cowbird nest parasitism, which severely limited the
population before this 26-year study period. An
interagency cowbird control effort was implemented
in 1972 to control nest parasitism after productivity
was reportedly reduced by 60% to only 0.8 fledglings
per nest (cf. Kepler et al. 1996). If cowbird control is
reduced or eliminated, there is the potential for
reduced productivity. Habitat restoration without
considering factors influencing demographic rates
may not be sufficient to recover or sustain popula-
tions (Fahrig 2001; Schrott et al. 2005).

Kirtland’s warbler managers’ integration of a
landscape perspective during early habitat restoration
plans (Byelich et al. 1976; Probst 1988) effectively
set up a long-term empirical study on population
response to changing landscape structure. Results
show the population was responding temporally to
the amount of habitat on the landscape, but males
were also responding spatially and temporally to the
type of habitat available and relative amounts of
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preferred habitat (i.e., patch quality). These findings
have important implications for managing bird pop-
ulations with specific habitat affinities, and
emphasize the importance of temporal variability in
landscape structure towards structuring populations.
Specifically, when population and habitat amount are
at low levels, adding habitat, especially habitat that is
more preferred or of higher quality, may be especially
important for increasing the population size or
strategically dispersing the population. In contrast,
when habitat amount and population size are at
relatively high levels and above a habitat amount
threshold, the availability and location of higher
quality habitat may not be as important as providing
ample amounts of suitable habitat to maintain desig-
nated management levels. Our study demonstrates
that researchers and managers need to consider not
only habitat quality, but the temporal and spatial
context of habitat availability and population levels
when making habitat restoration decisions.
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