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Summary

1. Long-term management planning for conservation-reliant migratory songbirds is particu-

larly challenging because habitat quality in different stages and geographic locations of the

annual cycle can have direct and carry-over effects that influence the population dynamics. The

Neotropical migratory songbird Kirtland’s warbler Setophaga kirtlandii (Baird 1852) is listed as

endangered under the U.S. Endangered Species Act and Near Threatened under the IUCN Red

List. This conservation-reliant species is being considered for U.S. federal delisting because the

species has surpassed the designated 1000 breeding pairs recovery threshold since 2001.
2. To help inform the delisting decision and long-term management efforts, we developed a

population simulation model for the Kirtland’s warbler that incorporated both breeding and

wintering grounds habitat dynamics, and projected population viability based on current envi-

ronmental conditions and potential future management scenarios. Future management scenar-

ios included the continuation of current management conditions, reduced productivity and

carrying capacity due to the changes in habitat suitability from the creation of experimental

jack pine Pinus banksiana (Lamb.) plantations, and reduced productivity from alteration of

the brown-headed cowbird Molothrus ater (Boddaert 1783) removal programme.
3. Linking wintering grounds precipitation to productivity improved the accuracy of the model

for replicating past observed population dynamics. Our future simulations indicate that the

Kirtland’s warbler population is stable under two potential future management scenarios: (i)

continuation of current management practices and (ii) spatially restricting cowbird removal to

the core breeding area, assuming that cowbirds reduce productivity in the remaining patches by

≤41%. The additional future management scenarios we assessed resulted in population declines.

4. Synthesis and applications. Our study indicates that the Kirtland’s warbler population is

stable under current management conditions and that the jack pine plantation and cowbird

removal programmes continue to be necessary for the long-term persistence of the species.

This study represents one of the first attempts to incorporate full annual cycle dynamics into

a population viability analysis for a migratory bird, and our results indicate that incorporat-

ing wintering grounds dynamics improved the model performance.
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Introduction

Recovery of threatened and endangered animals often

requires substantial management efforts to create and

maintain environmental conditions suitable for population

growth and subsequent stability (Soul�e & Terborgh 1999;

Felix et al. 2004). While carrying capacity is limited by

quantity and quality of habitat, actual population size

and stability is influenced by spatial and temporal interac-

tions among abiotic and biotic factors (e.g. Akc�akaya &

Atwood 1997). These interactions are particularly complex

for migratory birds, where environmental conditions expe-

rienced across the annual cycle can impact the population

dynamics directly and through carry-over effects (e.g.

Rockwell, Bocetti & Marra 2012).

Absent a full understanding of spatial and temporal

dynamics, and a lack of large-scale experimental manage-

ment actions, simulation models can be used to comple-

ment existing species information to improve our

understanding of species–habitat relationships, investigate

the drivers of population growth and assess the population

viability under different environmental and management

conditions (Akc�akaya et al. 2004). In this study, we used

simulation modelling to improve our understanding of pop-

ulation dynamics and investigate the impacts of potential

future population management scenarios on Kirtland’s

warbler Setophaga kirtlandii (Baird 1852), a Neotropical

migratory bird species listed as endangered under the U.S.

Endangered Species Act and Near Threatened under the

IUCN Red List (BirdLife International 2012).

Kirtland’s warblers breed almost exclusively in the

northern Lower Peninsula of Michigan (USA) and winter

almost exclusively in the Bahamian archipelago (Haney,

Lee & Walsh-McGehee 1998). Although conservation

actions through intensive habitat management and

brown-headed cowbird Molothrus ater (Boddaert 1783;

hereafter cowbird) removal resulted in successful recovery

(see Appendix S1, Supporting Information), continued

persistence will likely require continued active manage-

ment to maintain the population stability [i.e. the species

is conservation-reliant (Scott et al. 2005)]. However, costs

associated with continuing habitat management and cow-

bird control without federal funding if Kirtland’s warbler

is delisted are a major challenge for long-term manage-

ment (Bocetti, Goble & Scott 2012). Thus, an evaluation

of how management changes could impact population

viability is needed.

We conducted a spatially explicit population viability

analysis (PVA) for the Kirtland’s warbler using a full

annual cycle approach that included habitat quantity and

quality on the breeding grounds and habitat quality on

the wintering grounds (using precipitation as a proxy).

We did not consider habitat quantity on the wintering

grounds because Kirtland’s Warbler density appears to

be principally associated with food availability, which

varies spatially and temporally due to the changes in pre-

cipitation (Wunderle et al. 2014). Our objectives were to

assess the long-term population viability under current

management conditions compared to potential future

management conditions, while accounting for the influ-

ence of environmental variability. Potential future man-

agement scenarios included the modifications to habitat

creation (i.e. jack pine Pinus banksiana [Lamb.] planta-

tions) and adult cowbird removal efforts through trap-

ping.

Managers are considering creating experimental jack

pine plantations for up to 25% of future created habitat

(Michigan Department of Natural Resources, U.S. Fish

and Wildlife Service & U.S. Forest Service, unpublished

report). The goal of experimental plantations is to test

approaches for reducing planting costs and increasing tim-

ber value (e.g. reduced tree density and changes in habitat

configuration), thus making the plantation programme

more cost-effective. Because current planting prescriptions

are designed to maximize the habitat quality, proposed

modifications will likely negatively impact both the den-

sity of males and pairing success, thus affecting carrying

capacity and productivity (Probst & Hayes 1987; Bocetti

1994). Reduced intensity of cowbird removal is a potential

future management scenario due to the high annual cost

for the programme (i.e. ca. $100 000; C. Mensing, U.S.

Fish and Wildlife Service, pers. comm.). Brood parasitism

by cowbirds reduces Kirtland’s warbler fledgling produc-

tion (Mayfield 1960, 1961; Walkinshaw 1983), and thus,

reduced cowbird removal efforts would likely negatively

impact Kirtland’s warbler productivity.

We designed simulations to project the influence of

each of these management scenarios on population trends,

and thus to inform managers of possible outcomes of

these management actions prior to initiation. In addition,

the availability of long-term and range-wide monitoring

data for Kirtland’s warbler allowed us to test the impor-

tance of incorporating wintering grounds habitat dynam-

ics in the population dynamics model. This study

represents one of the first attempts to incorporate the full

annual cycle dynamics into a PVA model for a migratory

songbird (Hostetler, Sillett & Marra 2015), and thus pro-

vides insights that are relevant to future modelling studies

for a wide range of migratory species.

Materials and methods

STUDY AREA

Our study area consisted of designated essential breeding habitat

on federal and state lands in the Lower Peninsula (LP) of Michi-

gan, USA (Byelich et al. 1985), and federal lands managed for

Kirtland’s warbler in the Upper Peninsula (UP) of Michigan

(Fig. 1). Additional currently occupied breeding areas [i.e. Wis-

consin (Anich et al. 2011), Ontario (Richard 2008), state lands in

the Michigan UP, private lands] were not included because these

lands are not managed specifically for Kirtland’s warbler and

long-term habitat availability is unpredictable. Thus, our esti-

mated available breeding habitat was slightly conservative with
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respect to range-wide breeding patch occupancy, but realistic

given expected long-term habitat availability.

MODELLING APPROACH

We developed a model structure that allowed us to link population

demographics with spatially and temporally dynamic breeding

habitat suitability, and temporally dynamic wintering grounds

habitat quality (see Appendix S2 and Fig. S1), using the PVA pro-

gram RAMAS GIS 5.0 (Akc�akaya et al. 2004). The program uses a

stage-based Lefkovitch matrix to project population dynamics

(Caswell 2001). The matrix can be made spatially dynamic by link-

ing stage values to equations derived from spatial layers and can be

made temporally dynamic by using a time series of spatial layers.

Habitat Suitability

To estimate the changes in breeding habitat suitability, we identi-

fied suitable jack pine stands between 1979 and 2013 (LP) and

1999 and 2013 (UP) using federal and state habitat management

programme records that included stand year-of-origin and jack

pine habitat regeneration type (i.e. clear-cut and natural regenera-

tion, plantation, wildfire). Although the UP now supports over

30 males annually (S. Sjogren, U.S. Forest Service, unpublished

data), only 63 males were documented in the UP between 1978

and 1998 combined (Probst et al. 2003), and thus, we did not

consider this area to be influential breeding habitat at the popula-

tion level until 1999. The habitat regeneration types represent a

gradient of tree densities, with natural regeneration stands typi-

cally having low tree densities (<2200 trees ha�1) and plantation/

wildfire stands typically having high tree densities (2500 to >7500

trees ha�1; Probst & Weinrich 1993). Previous studies found that

these habitat quality differences influenced the density and pair-

ing success of Kirtland’s warblers (Probst 1986; Probst & Hayes

1987; Bocetti 1994).

Previous studies using stand history data defined Kirtland’s

warbler habitat suitability based on stand age (Donner, Ribic &

Probst 2009, 2010). However, jack pine growth rates are known

to differ latitudinally and longitudinally due to the variations in

temperature, precipitation and soil types (e.g. Kashian, Barnes &

Walker 2003). Thus, we translated known stand ages across the

study area to estimated stand heights to more accurately capture

patch-specific habitat suitability over time (see Figs S2–S4). We

created habitat suitability models based on a combination of

habitat management regeneration categories and jack pine stand

height. For each year, habitat was classified into the following

suitability categories: unsuitable (0 – trees too short or too tall),

low suitability (1 – short and tall natural regeneration), moderate

suitability (2 – short and tall plantation or wildfire; mid-height

natural regeneration) and high suitability (3 – mid-height planta-

tion or wildfire; see Appendix S3).

To estimate the temporal changes in wintering grounds habitat

suitability, we used precipitation as a proxy for habitat quality.

Previous research found that total March precipitation recorded

at the Nassau National Oceanic and Atmospheric Administration

(NOAA) weather station in the Bahamas was correlated with the

subsequent fledgling production on the breeding grounds and

annual survivorship of Kirtland’s warblers (Rockwell, Bocetti &

Marra 2012; Rockwell 2013). Further, Wunderle et al. (2014)

found that precipitation on the wintering grounds was correlated

with food abundance and body condition of Kirtland’s warblers,

indicating that wintering grounds precipitation is a good proxy

for temporal variation in wintering grounds habitat quality, and

through carry-over effects (i.e. effects on body condition and/or

timing of arrival on the breeding grounds), productivity the fol-

lowing spring (Rockwell, Bocetti & Marra 2012). We obtained

the total March precipitation values for 1979�2013 at the Nassau

NOAA station and used these values to create additional habitat

layers, allowing us to link the non-spatial wintering grounds data

to our stage matrix.

Populations, Dispersal and Carrying Capacity

Based on the minimum stand size occupied historically (Probst

1988; Donner, Ribic & Probst 2010), we used 32-ha

(566 m 9 566 m) cells in which we classified the breeding habitat

Fig. 1. Patches of Kirtland’s warbler

(Setophaga kirtlandii) breeding habitat

used for assessing the long-term popula-

tion viability given current environmental

and potential future management condi-

tions. The eight habitat regions (grey

shades) in the northern Lower Peninsula

(LP) and Upper Peninsula (UP) of Michi-

gan, USA, contained different estimated

growth rates for jack pine (Pinus banksi-

ana; see Appendix S3 in supporting infor-

mation).
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suitability annually. We used a 15-cell search area to group suit-

able cells into large habitat patches that defined populations in

the model. The number, size and location of patches changed

over time as the distribution of suitable habitat changed, but they

generally conformed to the locations of Kirtland’s Warbler Man-

agement Areas. Occupancy of suitable habitat patches in a given

year was based on abundance the previous year, a dispersal func-

tion and patch carrying capacity.

In the model, dispersal occurs among patches rather than cells.

To estimate dispersal among patches, we used a negative expo-

nential function, with the background annual dispersal rate and

mean dispersal distance estimated using interyear capture–recap-

ture data for male Kirtland’s warblers between 1986 and 2001

(n = 534 observations; D. Donner and C. Bocetti, unpublished

data). Walkinshaw (1983) found that first-year breeding male

Kirtland’s warblers did not typically disperse far from their natal

sites (mean = 3�3 km, range = 0–21 km, n = 8), and thus, we

used a single dispersal function for all age classes. The estimated

annual dispersal rate between patches was 0�0356, and the mean

dispersal distance for birds that moved between patches was

113 km.

Habitat quality influences Kirtland’s warbler density (Probst

1986). High suitability habitat in the LP currently supports ca.

0�12 males ha�1 (Bocetti, Donner & Mayfield 2014), and we

assumed that this density was representative of carrying

capacity. The assumption that the LP is currently at carrying

capacity is supported by census data that found population

growth in the LP stabilized in 2007 (Bocetti, Goble & Scott

2012), and colonization of peripheral habitat increased there-

after (Probst et al. 2003; Richard 2008; Anich et al. 2011). To

estimate carrying capacity in moderate and low suitability habi-

tat, we calculated the mean number of males per hectare

observed in each model suitability class in the LP between

2007 and 2013, and used the proportional differences to define

the carrying capacity gradient. This analysis indicated that

moderate suitability habitat could support 0�05 males ha�1 and

low suitability habitat could support 0�04 males ha�1 (see

Fig. S5).

Density Dependence and Stochasticity

We assumed ceiling-type density dependence, which allows popu-

lations to grow exponentially until they reach carrying capacity

(Akc�akaya 2005). This density-dependent structure is typically

used for territorial songbirds (e.g. Alldredge et al. 2004; Bonnot,

Thompson & Millspaugh 2011), as density is largely self-regu-

lated. Because our patches were large and estimated annual dis-

persal between patches was low, we did not incorporate

stochasticity into our dispersal estimate. We incorporated demo-

graphic stochasticity in annual survivorship by selecting annual

survival rates from a normal distribution based on the mean and

standard deviation from five annual survivorship estimates for

Kirtland’s warbler (see Table S3). Because annual productivity

was estimated based on spatially and temporally dynamic habitat

suitability, we did not incorporate stochasticity for this parameter

in the model.

Matrix Models

Nearly all of the empirical data available for model parameteriza-

tion were based on male observations, and thus, we used a

single-sex model based on male empirical data for this study. To

estimate the productivity based on males, we assumed that sex

ratios of young were 1 : 1, and that each male in the model had

only one mate (Alldredge et al. 2004). Breeding habitat suitability

influenced the productivity indirectly by influencing carrying

capacity and directly by influencing pairing success (Probst 1986;

Probst & Hayes 1987; Bocetti, Donner & Mayfield 2014). Some

polygyny occurs in high suitability habitat (Radabaugh 1972;

Bocetti 1994; Rockwell 2013), and we accounted for this in our

pairing success gradient (see Appendix S4). We did not consider

the probability of nest success based on habitat quality because

nest parasitism rates are currently <1% (Rockwell 2013), and the

probability of nest loss does not appear to differ based on habitat

quality or stand age (Bocetti 1994).

We constructed a stage-based matrix model using a pre-breed-

ing census:

m� s0 m� s0
s1 s2þ

� �
;

where m represents maternity (i.e. the number of fledglings pro-

duced per individual) and s represents stage-specific survivorship

values for hatch-year (s0) and after hatch-year (s1, s2+) individu-

als, respectively. To estimate maternity, we used the mean of 23

fledgling production estimates for Kirtland’s warbler derived

from the literature (mean = 3�58, SD = 0�75; see Table S1). Thus,

the estimated mean number of fledglings in our single-sex model

was 1�79. After accounting for pairing success differences based

on habitat quality (i.e. 0�85�0�97; Probst 1986; Rockwell 2013),

the number of male fledglings produced per male was 1�52 and

1�74 in low/moderate suitability and high suitability habitat,

respectively (see Fig. S6). We used an estimated hatch-year sur-

vivorship of 0�415 (see Appendix S5 and Table S2).

Candidate Models

We developed four variations in the population model to deter-

mine whether incorporating temporal variation in wintering

grounds habitat quality improved the model performance (all

models incorporated the effects of breeding grounds habitat on

productivity and carrying capacity). The productivity–survivor-

ship variations included (i) a breeding grounds-only model, which

used the mean productivity estimate and an annual survivorship

distribution (i.e. no wintering grounds component; see Table S3);

(ii) a wintering grounds–survivorship model, which incorporated a

predictive wintering grounds precipitation–annual survivorship

relationship; (iii) a wintering grounds–productivity model, which

incorporated a predictive wintering grounds precipitation–produc-

tivity relationship; and (iv) a wintering grounds–survivorship and

productivity model, which incorporated predictive relationships

that linked annual survivorship and productivity to wintering

grounds precipitation (Fig. 2).

The models that incorporated wintering grounds effects on sur-

vival and productivity used empirically based wintering grounds

precipitation–annual survival/productivity regressions (Rockwell,

Bocetti & Marra 2012; Rockwell 2013; see Fig. S7). Detailed

information and data for these regressions are provided in

Appendices S4 and S5. We bounded maximum annual survival

by the highest empirical estimate (i.e. 0�75; Probst 1986), and

maximum fledgling production by the highest empirical estimate

(i.e. 2�19 male fledglings per male; Shake & Mattsson 1975).
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MODEL EVALUATION

Habitat suitability

Since we defined habitat suitability differently than previous stud-

ies, we quantified the amount of suitable habitat over time to

determine whether our definition resulted in temporal changes

that were similar to previous work. In addition, we intersected

male Kirtland’s warbler census data collected between 1979 and

2013 with our habitat suitability layers to determine the percent-

age of observed individuals that were located within model-desig-

nated suitable habitat.

Candidate models

To determine which candidate model most accurately simulated

Kirtland’s warbler population dynamics, we ran long-term histori-

cal (1979�2013) and recent historical (2004�2013) simulations and

compared model output to breeding male census results (U.S. Fish

and Wildlife Service 2015). The long-term historical simulations

gauged the ability of the different model variations to simulate the

large observed population growth over the last three decades. The

recent historical simulations were used to determine the most

accurate model for future projections based on current habitat

conditions. We set initial abundance to closely match the observed

abundance and performed 1000 simulations for each model.

To determine which simulation model output most closely matched

the observed population data, we calculated the squared deviation

between model output and observed data at each time step, and

used the sum of the squared deviations (SSD) to rank the accuracy

of the models. We used the model that most closely replicated

the observed population dynamics (i.e. lowest SSD) for additional

simulations.

FUTURE PROJECTIONS

We used our simulation model to project Kirtland’s warbler pop-

ulation dynamics based on five potential future management sce-

narios: (i) current suitable habitat and current cowbird removal;

(ii) reduced suitable habitat and current cowbird removal; (iii)

current suitable habitat and reduced cowbird removal; (iv) cur-

rent suitable habitat and no cowbird removal; and (v) reduced

suitable habitat and reduced cowbird removal.

Fig. 2. Diagram showing the general model structure and model variations tested for the development of a population dynamics model

for the Kirtland’s warbler (Setophaga kirtlandii). [Colour figure can be viewed at wileyonlinelibrary.com].
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Evaluation of population viability with current

management conditions

To project the population viability, we used a single breeding habitat

year representative of recent breeding habitat availability (i.e. 2010).

Thus, we assumed that average habitat suitability in our large habi-

tat patches will remain constant over time as breeding habitat is cre-

ated and expires. To estimate wintering grounds precipitation each

year, we randomly selected values from a uniform distribution repre-

senting the lower 90th percentile of total March precipitation

recorded at the Nassau NOAA weather station from 1994 to 2013

(0�65�6�19 cm). We removed the upper 10% of observation years

for the distribution because they represented low-frequency extreme

precipitation years (e.g. 21�02 cm recorded in 2001). We also note

that March precipitation at this weather station was unreported for

43% of days between 1994 and 2013, and we made the assumption

that no rainfall occurred on those days. We used the breeding and

wintering grounds habitat suitability layers to project population

dynamics for 50 years, with the simulation replicated 1000 times. To

account for the possible effects of randomized precipitation selection

order on the projected population trend, we conducted five indepen-

dent simulations and computed the mean, minimum and maximum

annual abundance for each simulation.

Evaluation of population viability with management

condition changes

To estimate the impacts of reduced habitat suitability due to

experimental jack pine plantations, we randomly selected 25% of

the habitat cells and reduced habitat suitability by one suitability

class. We simulated two possible reduced cowbird removal sce-

narios: (i) trapping was implemented in the core breeding area,

but not in the surrounding (i.e. satellite) habitat patches in the

northern LP (Fig. 3) and (ii) all trapping was eliminated. To sim-

ulate cowbird parasitism impacts, we reduced the productivity in

the non-trapped habitat patches. Observations of fledgling pro-

duction before and after implementing the cowbird removal pro-

gramme indicate that cowbird parasitism reduced the

productivity of Kirtland’s warblers by 41�73% (Mayfield 1960;

Shake & Mattsson 1975). We used the lower and middle values

from this historical range (i.e. 41% and 57%) to model reduction

in productivity due to cowbird parasitism.

We projected population dynamics with the management con-

dition changes using the same randomized precipitation values as

the current management projection, allowing a direct comparison

of output among the simulations. To estimate the long-term

population growth, we computed the annual growth rates from

each simulation (k = Nt + 1/Nt). For each scenario, we calculated

the geometric mean and 95% confidence interval for k (based on

a t-distribution; Stevens 2009).

Results

MODEL EVALUATION

Based on our habitat suitability model, the total amount

of suitable breeding habitat ranged from 9792 ha in 1979

to 26 272 ha in 2001 (Fig. 4a). Total carrying capacity in

the model increased from a low of 668 males in 1981 to a

high of 1878 males in 2001, with a mean carrying capacity

of 1644 males between 2004 and 2013 (range =
1513�1776). This temporal pattern of suitable habitat was

similar to previously reported suitable habitat estimates,

including a large increase in the mid-late 1980s and mid-

late 1990s and a slight decrease after 2001. Of the 29 767

males observed during the Kirtland’s warbler male

censuses between 1979 and 2013, 26 122 (i.e. 87�8%) were

located in a patch designated as a suitable breeding

habitat in the model during the observation year.

All of the four productivity–survivorship models were able

to simulate the long-term historical (1979�2013) Kirtland’s

warbler population growth (Fig. 4b). Projected growth rates

were higher than the observed growth rate in the early mid-

1980s, but were similar to the observed rate thereafter. The

recent historical simulation (2004�2013) indicated that the

wintering grounds–productivity model most accurately

reflected recently observed population dynamics

(SSD = 1�0 9 105), followed by the breeding grounds-only

model (SSD = 1�2 9 105). The wintering grounds–survivor-
ship (SSD = 6�1 9 105) and wintering grounds–survivorship
and productivity (SSD = 1�1 9 106) models underprojected

recent population levels (Fig. 5). Thus, the wintering

grounds–productivitymodel was used for future projections.

Fig. 3. Potential scenario for future management of brown-

headed cowbirds (Molothrus ater) in Kirtland’s Warbler Manage-

ment Areas (KWMAs). KWMAs were specified as trapped or

non-trapped to assess the impacts of spatially restricted removal

on Kirtland’s warbler (Setophaga kirtlandii) abundance. In this

scenario, we assumed that trapping would continue in the core

breeding area, but not in the surrounding KWMAs in the north-

ern Lower Peninsula (LP) of Michigan, USA.
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FUTURE PROJECTIONS

Under current management conditions, abundance of

males fluctuated between 1280 and 1623 (grand

mean = 1378), with a minimum simulated value of 785

and a maximum simulated value of 1626 (representing

model carrying capacity). The population was stable over

the 50-year simulation period (�k = 0�995 [0�990�1�001];
Fig. 6). For the experimental jack pine plantation man-

agement scenario, abundance of males fluctuated between

1002 and 1362 (grand mean = 1104), with a minimum

simulated value of 619 and a maximum simulated value

of 1365 (representing model carrying capacity with the

reduced habitat suitability). The population declined

slowly over the 50-year simulation period (�k = 0�994
[0�988�0�999]; Fig. 7).

For the scenario where cowbird removal was restricted

to the core breeding area and productivity was reduced

by 57% in satellite patches, abundance of males fluctuated

between 1085 and 1623 (grand mean = 1256), with a mini-

mum simulated value of 387. The population declined

slowly over the 50-year simulation period (�k = 0�992

Fig. 4. Comparison of four productivity–survivorship models for

simulating Kirtland’s warbler (Setophaga kirtlandii) population

dynamics from 1979 to 2013: (i) a breeding grounds-only model

using a mean productivity estimate and an annual survivorship

distribution; (ii) a wintering grounds–survivorship model using a

predictive annual survivorship relationship and a mean productiv-

ity estimate; (iii) a wintering grounds–productivity model using a

predictive productivity relationship and an annual survivorship

distribution; and (iv) a wintering grounds–survivorship and produc-

tivity model using predictive relationships for both annual sur-

vivorship and productivity. Panel a shows the estimated amount

of suitable breeding habitat from 1979 to 2013. Panel b shows

the observed and simulated abundance of male Kirtland’s

warblers.

Fig. 5. Comparison of four productivity–survivorship models for

simulating Kirtland’s warbler (Setophaga kirtlandii) population

dynamics from 2004 to 2013: (i) a breeding grounds-only model

using a mean productivity estimate and an annual survivorship

distribution; (ii) a wintering grounds–survivorship model using a

predictive annual survivorship relationship and a mean productiv-

ity estimate; (iii) a wintering grounds–productivity model using a

predictive productivity relationship and an annual survivorship

distribution; and (iv) a wintering grounds–survivorship and produc-

tivity model using predictive relationships for both annual sur-

vivorship and productivity.

Fig. 6. Projections of future Kirtland’s warbler (Setophaga kirt-

landii) population dynamics based on current management condi-

tions. The dark solid line shows the mean number of males per

year from five independent simulations, with 1000 iterations per

simulation. The grey lines show the standard deviation each year

among the five simulations. The dotted lines show the maximum

and minimum number of males each year across all simulations.
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[0�985�0�999]; Fig. 8a). For the scenario where cowbird

removal was restricted to the core breeding area and pro-

ductivity was reduced by 41% in satellite patches, abun-

dance of males fluctuated between 1226 and 1623 (grand

mean = 1341), with a minimum simulated value of 569.

The population was stable over the 50-year simulation

period (�k = 0�994 [0�988�1�001]; Fig. 8b).
For the scenario where cowbirds were not removed

from either the core breeding area or satellite breeding

patches and productivity was reduced by 57%, abundance

of males declined rapidly (�k = 0�900 [0�893�0�906]), with
a year 50 mean of nine individuals (Fig. 8c). Extinction

occurred in 3�5�13�5% of replicates among the five simu-

lation runs. For the scenario where cowbirds were not

removed from either the core breeding area or satellite

breeding patches and productivity was reduced by 41%,

abundance of males also declined rapidly (�k = 0�953
[0�946�0�961]), with a year 50 mean of 160 individuals

(Fig. 8d). However, extinction did not occur within

50 years.

For the scenario where habitat suitability was reduced,

cowbird removal was restricted to the core breeding area,

and parasitism was 57%, abundance of males fluctuated

between 803 and 1362 (grand mean = 986), with a mini-

mum simulated value of 305. The population declined

over the 50-year simulation period (�k = 0�989

Fig. 7. Projected impacts of a 25% reduction in habitat suitabil-

ity due to the implementation of experimental jack pine (Pinus

banksiana) plantations on Kirtland’s warbler (Setophaga kirt-

landii) population dynamics. The dark solid lines show the mean

number of males per year from five independent simulations, with

1000 iterations per simulation. The grey lines show the standard

deviation for each year among the five simulations. The dotted

lines show the maximum and minimum number of males each

year across all simulations.

Fig. 8. Projected impacts of reduced brown-headed cowbird

(Molothrus ater) removal on Kirtland’s warbler (Setophaga kirt-

landii) population dynamics. The dark solid lines show the mean

number of males per year from five independent simulations, with

1000 iterations per simulation. The grey lines show the standard

deviation for each year among the five simulations. The dotted

lines show the maximum and minimum number of males each

year across all simulations. Panels a and b show the results of

reducing cowbird trapping to only the core breeding area, with

57% and 41% reduced productivity in patches without cowbird

trapping, respectively. Panels c and d show the results of elimi-

nating cowbird trapping from the management programme, with

57% and 41% reduced productivity in all patches, respectively.
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[0�982�0�996]; Fig. 9a). For the scenario where habitat

suitability was reduced, cowbird removal was restricted to

the core breeding area and parasitism was 41%, abun-

dance of males fluctuated between 931 and 1362 (grand

mean = 1061), with a minimum simulated value of 451.

The population declined over the 50-year simulation

period (�k = 0�992 [0�985�0�999]; Fig. 9b).

Discussion

Our study indicates that the Kirtland’s warbler population

is stable under current management conditions and that the

two primary management actions, maintenance of a large

quantity of breeding habitat and cowbird removal, are both

important for the long-term stability of the species. How-

ever, a spatial design that restricted trapping to the core

breeding area was effective for preventing a rapid decline,

and could be a viable management option as long as cow-

bird parasitism reduces the productivity by ≤41% in non-

trapped patches. We found that linking wintering grounds

precipitation to annual survivorship improved the model

performance compared to not having that linkage. Overall,

our results indicate that habitat quality on the wintering

grounds influences population dynamics, congruent with

the increasing literature documenting carry-over effects

among stages of the annual cycle for long-distance migra-

tory birds (e.g. Balbontin et al. 2009).

While we had data to incorporate a number of important

biological processes in our model, there are still a number

of relationships that could be refined to improve model

realism. First, hatch-year survivorship in our model was set

as a constant. Environmental conditions likely influence

first-year survivorship (Rockwell 2013; Wunderle et al.

2014), but predictive relationships have not been developed.

Secondly, the current wintering grounds precipitation rela-

tionships only predict the differences in productivity and

survivorship across a range of dryer-than-average years.

Given the apparent importance of this relationship for pro-

ductivity, it would be valuable to conduct additional

research that spans a greater range of precipitation. Like-

wise, refinement of the relationship between wintering

grounds precipitation and annual survivorship may

enhance the predictor’s performance in the simulation

model. Despite these limitations, our model projection

matched up well with the observed historical population

trend, indicating that we captured the main processes driv-

ing Kirtland’s warbler abundance. We hypothesize that the

overpredicted abundance in the early mid-1980s was due to

the real population taking longer to gain breeding pairs in

newly suitable wildfire-generated habitat than the model

population, as the total population during this period con-

sisted of only ca. 200 males (Donner, Probst & Ribic 2008).

For this study, we assumed that cowbird parasitism

rates would be similar to historic rates. However, there

are substantially more Kirtland’s warblers on the land-

scape now, and Breeding Bird Survey data indicate a

2�1�3�3% decline in brown-headed cowbirds in Michigan

since 1966 (Sauer et al. 2014), both of which could affect

parasitism rates under current conditions. We used esti-

mates based on historical parasitism rates due to the

absence of recent estimates, but acknowledge that these

estimates could be high (although we did not use the

highest historical estimate). We also assumed that envi-

ronmental conditions would not change in future.

Although this assumption is probably valid for at least

the next decade, current climate change projections indi-

cate that habitat suitability could decrease on the breeding

and wintering grounds (e.g. Neelin et al. 2006; Iverson,

Prasad & Matthews 2008; Duveneck et al. 2014). Thus,

investigating climate change impacts on Kirtland’s war-

bler will be our next step in helping to inform proactive

management of the species over the next century.

This study represents one of the first attempts to inte-

grate the full annual cycle dynamics into a migratory bird

PVA (Hostetler, Sillett & Marra 2015). We chose to

develop this model using the program RAMAS GIS due to

Fig. 9. Projected impacts of a 25% reduction in habitat suitabil-

ity due to the implementation of experimental jack pine (Pinus

banksiana) plantations, and reducing brown-headed cowbird

(Molothrus ater) removal to only the core breeding area, on Kirt-

land’s warbler (Setophaga kirtlandii) population dynamics. The

dark solid lines show the mean number of males per year from

five independent simulations, with 1000 iterations per simulation.

The grey lines show the standard deviation for each year among

the five simulations. The dotted lines show the maximum and

minimum number of males each year across all simulations.

Panels a and b show the results with 57% and 41% reduced

productivity in patches without cowbird trapping, respectively.
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its wide use and flexibility (e.g. Akc�akaya et al. 2004). We

found that by treating the wintering grounds data as a

breeding grounds habitat layer, we were able to link non-

spatial, but temporally dynamic, wintering grounds habi-

tat quality to population demographics. This modelling

strategy could be easily implemented for other species

where statistical relationships have been developed that

link non-breeding habitat conditions and population

demographics. In addition, full annual cycle models such

as this one could be enhanced by incorporating spatially

explicit wintering grounds data. Given the importance of

incorporating full annual cycle dynamics in population

models, we encourage the further development of popula-

tion models to explicitly incorporate these dynamics.

In conclusion, our study indicates that both the jack

pine plantation and cowbird removal programme continue

to be necessary for the long-term persistence of Kirtland’s

warbler. Given the comparatively large population size

today compared to the 1980s, the timing is appropriate

for improving our understanding of population sensitivity

to manipulation of one or both programmes. However,

we recommend that proposed modifications to current

management be approached in an experimental frame-

work that allows for science-based decision-making.
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Supporting Information: Using a full annual cycle model to evaluating long-term 

population viability of the conservation-reliant Kirtland’s warbler after successful recovery 

 

Appendix S1: Breeding habitat and population management 

Kirtland’s warblers (Setophaga kirtlandii) breed almost exclusively in the northern Lower 

Peninsula (LP) of Michigan (USA) and winter almost exclusively in the Bahamian archipelago, 

particularly the northern and central islands (Haney, Lee & Walsh-McGehee 1998; Jones, 

Akresh & King 2013). This species is a habitat specialist on its breeding grounds, restricted to 

large stands of young, dense jack pine (Pinus banksiana) in glacial outwash plains containing 

well-drained sandy soils (Probst 1988; Probst et al. 2003). Ecologically, young jack pine trees 

provide low hanging branches that Kirtland’s warblers use for concealment of their ground nests, 

and well-drained sandy soils reduce the probability that nests will become inundated with water 

during heavy rainfall events (Mayfield 1960; Probst 1988). Males establish breeding territories in 

jack pine-dominated patches that are typically larger than 32 ha, with tree densities greater than 

2000 stems per ha, and trees ca. 5−23 years old (Walkinshaw 1983; Probst 1988; Probst & 

Weinrich 1993).  

Kirtland’s warbler breeding habitat quality is positively associated with jack pine stem 

density and associated canopy cover (Probst 1986; Bocetti 1994; Nelson & Buech 1996). Dense 

jack pine stands were historically generated naturally through large wildfires with ca. 60 year 

return intervals (Mayfield 1993; Cleland et al. 2004), but due to broad-scale fire suppression, an 

extensive network of jack pine plantations is currently used to maintain large amounts of suitable 

habitat on the landscape (Probst & Weinrich 1993; Donner, Ribic & Probst 2009). In addition, 

nest parasitism by the brown-headed cowbird (Molothrus ater; hereafter cowbird) was found to 
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dramatically reduce Kirtland’s warbler fledgling production (Mayfield 1960, 1961; Walkinshaw 

1983). In response, a cowbird removal program has been implemented continuously since 1972, 

which substantially increased fledgling production and likely stabilized the population in the 

early 1980s until a large-scale habitat management program could be implemented (Kelly & 

DeCapita 1982; Probst 1986). In addition, the Mack Lake wildfire of 1980 (Simard et al. 1983) 

resulted in a substantial increase in suitable habitat during the late 1980s and early 1990s, 

providing an unforeseen recovery bridge until management activities became fully operational. 

These management actions (and stochastic wildfires) resulted in Kirtland’s warblers recovering 

from ca. 200 males in 1971 to over 2000 males since 2012 (Mayfield 1972; Bocetti, Donner & 

Mayfield 2014). The population surpassed the minimum 1000 males required for delisting 

consideration in 2001 (Bocetti, Goble & Scott 2012). 

 

Appendix S2: Model development 

To identify key factors influencing dynamics in the Kirtland’s warbler population, we first 

developed a conceptual model based on existing literature and expert knowledge (Fig. S1). This 

conceptual model included three process modules for simulating population dynamics: 1) a 

breeding season – habitat availability, suitability, and occupancy module for estimating annual 

distribution and suitability of breeding habitat, and occupancy of habitat patches (which house 

‘populations’); 2) a breeding season – recruitment module for estimating annual fledgling 

production in each population; and 3) an annual survivorship module for estimating the number 

of individuals that survive until the following breeding season. 

Based on the conceptual model, we developed a population dynamics model to simulate 

annual changes in distribution and abundance of Kirtland’s warblers, using the program RAMAS 
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GIS (Version 5.0). We linked spatially and temporally dynamic breeding habitat suitability 

layers to population demographics using habitat suitability functions. We also tested the ability 

of previously developed empirical relationships between wintering grounds precipitation and 

recruitment/survival (Rockwell, Bocetti & Marra 2012, Rockwell 2013) to capture long-term 

population dynamics by comparing model output to historical abundance data, with and without 

those relationships included. Below, we provide detailed methods and data that supplement the 

key model features presented in the manuscript.  

 

Appendix S3: Breeding season − habitat availability, suitability, and occupancy 

We created habitat suitability models based on a combination of habitat management-

regeneration categories (natural regeneration or plantation/wildfire) and jack pine (Pinus 

banksiana) stand height, with management-regeneration categories being a proxy for stem 

density (Probst 1988). We considered jack pine stands that were subjected to low intensity 

prescribed burns to represent either natural regeneration or plantation/wildfire stem densities 

based on stand records that indicated whether or not seedling trees were subsequently planted in 

the stand. To translate known stand ages to estimated stand heights in the study area (northern 

LP and Upper Peninsula [UP] of Michigan, USA), we initially divided the study area into nine 

subsections using the U.S. Forest Service’s Ecological Subregions, Sections, and Subsections 

classification system (Cleland et al. 2004), and compiled jack pine age-height estimates from 

Forest Inventory and Analysis (FIA) site tree data. We obtained 1 202 age-height estimates for 

the study area after removing six outliers from the data set. Jack pine ages in the FIA data set 

represented age at breast height (1.4 m), rather than total age of the tree. To provide total age 
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estimates for the growth curves, we added four years to each age at breast height based on the 

jack pine growth literature (Longpré, Bergeron & Paré 1994; Béland & Bergeron 1996).  

We grouped the six UP subsections into three growth curve regions: north-central UP 

(212Ra); south-central UP (212Rb, 212Rc); and west-central UP (212Sc, 212Sn, 212Sq) due to 

low FIA data sample sizes in the UP. We subdivided the core breeding area subsection in the LP 

(i.e., 212Hg) into three growth curve regions based on Kashian, Barnes & Walker (2003). 

Specifically, we used separate growth curves for the Grayling and Standish subdistricts (Albert 

1995), with the Grayling subdistrict containing separate growth curves for outwash plains and ice 

contact areas (Kashian, Barnes & Walker 2003), which were spatially delineated using Farrand 

(1982). We used FIA data for the remaining two LP subsections. For each growth curve region 

based on FIA data, we computed a least squares line of best fit for the age-height estimates, with 

the intercept fixed at 0 (Fig. S2). For the three growth curve regions within subsection 212Hg, 

we used growth rates reported in Kashian, Barnes & Walker (2003), with the outwash plains 

growth rate estimate representing the mean of the six estimates reported in the study. For the 

final eight growth regions used in this study, estimated annual growth ranged from 0∙2368 m to 

0∙3019 m (Fig. S3). 

In previous studies, age of jack pine stands was used to define suitable time frames for 

Kirtland’s warbler occupancy, with most previous research conducted in the core breeding area 

(i.e., Grayling Subdistrict). Probst & Weinrich (1993) stated that Kirtland’s warblers use wildfire 

patches that are 5−23 years old, with highest densities in patches 10−17 years old. Bocetti (1994) 

found that years of use for plantations and wildfire patches were similar. Donner, Ribic & Probst 

(2010) reported that mean patch age at colonization was 9∙0 (plantation) and 8∙5 (wildfire), with 
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larger patches colonized earlier. Donner, Ribic & Probst (2010) found that patches were 

abandoned at a mean age of 14∙5 years (SD = 3∙7; range 5−24 years). 

Since most previous work on age suitability was conducted when abundance was much 

lower than it is currently, we created new age suitability definitions based on an analysis of 

Grayling Subdistrict plantation habitat use between 1990 and 2013. We found the mean age of 

colonization was 7 years, and the mean age of last use was 14 years, with 18 years being the 

maximum observed use of plantation stands included in the analysis (three birds were found in 

18 year old stands). Further, we found that density of Kirtland’s warbler use peaked at around 

age 10, and duration of use was similar between smaller (<80 ha) and larger (>80 ha) plantation 

patches for 212Hg as a whole (Fig. S4). Using these results, we bounded stand age at 

colonization and abandonment to define periods of low and high stand height suitability. We also 

set a maximum suitable height at 5 m (Probst & Weinrich 1993). These age values translated to 

unsuitable heights <1∙2 m and >5∙0 m; high suitability heights 1∙7−3∙3m, and low suitability 

heights 1∙2−1∙7 m and 3∙3−5∙0 m. Combining classes of habitat management regeneration and 

stand height suitability resulted in four habitat suitability classes: unsuitable (0 – trees too short 

or too tall), low suitability (1 – short and tall natural regeneration), moderate suitability (2 – short 

and tall plantation or wildfire; mid-height natural regeneration), and high suitability (3 – mid-

height plantation or wildfire). 

To estimate carrying capacity based on breeding habitat suitability, we used the current 

carrying capacity estimate for high suitability habitat (0∙12 males/ha), and estimated the carrying 

capacity in moderate and low suitability habitat. Specifically, we calculated the mean number of 

males/ha observed in each model suitability class in the LP between 2007 and 2013, and used the 

proportional differences to define the carrying capacity gradient (Fig. S5). 
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Appendix S4: Breeding season – recruitment 

For a non-spatial model, the matrix value for productivity represents maternity (i.e., number of 

fledglings produced per individual) x hatch-year survivorship (Akçakaya 2005). For a spatial 

model that incorporates breeding habitat suitability effects on productivity, the baseline value 

from the matrix is linked to a spatial layer to derive a relative productivity value. To account for 

non-spatial wintering grounds effects, one can link the baseline value to a regression equation 

that includes annual data from both a breeding grounds habitat layer and a wintering grounds 

habitat layer. In our study, the wintering grounds habitat layer was simply the breeding grounds 

habitat layer, but with each cell containing the wintering grounds precipitation value for March 

of that year. By setting the baseline matrix value to 1, we were able to obtain patch-level annual 

productivity estimates directly from the regression (i.e., 1 x regression output). 

To estimate maternity in the breeding grounds-only model, we used the mean of 23 

fledgling production estimates for Kirtland’s warbler derived from the literature (Table S1). 

These estimates represent productivity after implementation of the cowbird removal program. 

For the UP, maternity estimates are currently lacking and cowbird removal does not occur. For 

this study, we assumed productivity was the same as the LP given the lack of maternity estimates 

and presumed minimal cowbird parasitism. We assumed a 1:1 sex ratio, and thus the estimated 

mean number of male fledglings produced per male was 1∙79. We incorporated effects of habitat 

quality on productivity by accounting for pairing success differences between low and high 

suitability habitat (Probst 1986; Probst & Hayes 1987). We used 0∙85 for habitat suitability 

values ≤ 2 based on the estimate of Probst (1986). We used 0∙97 for habitat suitability value = 3 

based on Rockwell (2013). The Rockwell (2013) estimate accounted for both non-paired 



7 

 

individuals (8%), and individuals with two mates (5%). Multiplying our baseline maternity 

estimate (i.e., 1∙79) by these pairing success estimates resulted in estimated maternity values of 

1∙52 and 1∙74 for birds occupying low/moderate suitability and high suitability habitat, 

respectively.  

To estimate annual productivity for the Lefkovitch matrix, we multiplied the maternity 

values by estimated hatch-year survivorship (i.e., 0∙415). This value represents the average of the 

male and female hatch-year survivorship estimates reported in Bocetti, Donner & Mayfield 

(2014; Table S2). We note that we tested two additional hatch-year survivorship estimates based 

on the literature (i.e., 0∙35 and 0∙46), and found that we these values projections were much too 

low and much too high, respectively, relative to the observed abundance trend. Estimated 

productivity based on breeding grounds habitat suitability ranged from 0∙6308 (breeding grounds 

habitat suitability ≤ 2) to 0∙7221 (breeding grounds habitat suitability = 3). We used a linear 

regression to predict productivity based on average patch habitat suitability values (Figure S6). 

For the models that incorporated wintering grounds effects (i.e., the wintering grounds-

productivity and wintering grounds-survivorship and productivity models), our predictive 

productivity equation used estimates from an empirical study that linked March precipitation 

measured at the National Oceanic and Atmospheric Administration (NOAA) station in Nassau to 

subsequent fledgling production on the breeding grounds during the same calendar year 

(Rockwell, Bocetti & Marra 2012). We discovered a 1 cm precipitation discrepancy between the 

current NOAA records and those used by Rockwell, Bocetti & Marra (2012) for one of the years 

(i.e., 2007). Thus, we used a slightly different predictive equation for this study. 

To allow both breeding grounds habitat suitability and wintering grounds precipitation to 

predict productivity, our equation included two predictive components. The first component 
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estimated the baseline productivity based on breeding grounds habitat suitability. To obtain this 

estimate, we first transformed the wintering grounds precipitation-maternity equation to a 

wintering grounds-productivity equation by multiplying maternity by hatch year survivorship. 

The intercept of this equation (i.e., 0∙4612) represented the baseline number of new males 

produced per male each year. We then multiplied the intercept by the pairing success estimates 

for low/moderate suitability (0∙85) and high suitability (0∙97) breeding habitat. This resulted in 

baseline productivity values of 0∙3920 and 0∙4474 for birds occupying low/moderate suitability 

and high suitability habitat, respectively. As with the breeding-grounds only model, we used a 

regression equation to estimate baseline productivity values from average patch habitat 

suitability: Baseline productivity = 0∙2813 + (0∙0553 x [Habitat Suitability]). 

For the second component of the equation, we used the slope of the wintering grounds 

precipitation-productivity equation to estimate the number of new males produced above the 

baseline per cm of precipitation: Additional productivity = 0∙0697 x [precipitation (cm)]. 

Combining the influence of breeding and wintering grounds habitat suitability on annual 

productivity: Productivity = (0∙2813 + (0∙0553 x [Habitat Suitability])) + (0∙0697 x [precipitation 

(cm)]). Because there is no upper bound to this equation, we bounded maximum fledgling 

production by the largest empirical estimate (i.e., 4∙39 fledglings per male; Shake & Mattsson 

1975): Maximum productivity = (4∙39/2) x 0∙415 = 0∙9109. 

 

Appendix S5: Annual survival 

The breeding grounds-only model used the mean and standard deviation from five annual 

survivorship estimates for Kirtland’s warbler derived from the literature (mean = 0∙67, SD = 

0∙07; Table S3). The wintering grounds-survivorship and wintering grounds-survivorship and 
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productivity models used an empirically-based wintering grounds precipitation-annual survival 

regression (Rockwell 2013; Figure S7). We bounded maximum annual survival by the largest 

empirical estimate (i.e., 0∙75; Probst 1986). 
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Fig. S1. Conceptual population dynamics model for investigating population viability of the 

Kirtland’s warbler (Setophaga kirtlandii) under future environmental and management 

conditions. Ovals represent modules where information is processed, hexagons represent 

dynamic input factors that influence process module output, and rectangles represent information 

output. 
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Fig. S2. Jack pine (Pinus taeda) growth curves for 6 ecological subsections/groups in Michigan 

based on FIA plot data. 
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Fig. S3. Jack pine growth curve regions used to translate known stand ages to estimated stand 

heights. Growth rate models are shown next to each region name. The black patches represent 

Kirtland’s warbler (Setophaga kirtlandii) breeding habitat. 
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Fig. S4. Panel A shows the number of male Kirtland’s Warblers (Setophaga kirtlandii) 

documented between 1990 and 2013 with respect to plantation stand age in ecological subsection 

212Hg. Panel B shows the density of male Kirtland’s Warblers between 1990 and 2013 with 

respect to plantation stand age in the Grayling Subdistrict. Only stands established and 

abandoned during this time frame were included in the analyses. 
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Fig. S5. Kirtland’s warbler (Setophaga kirtlandii) breeding habitat suitability-carrying capacity 

equation. Carrying capacity is shown as number of males per 32 ha (the size of habitat cells). 
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Figure S6. Regression equation used to estimate annual productivity for Kirtland’s warblers 

(Setophaga kirtlandii) based on breeding grounds habitat suitability: Productivity = 0∙4482 + 

(0∙0913 x [Habitat Suitability]). 
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Figure S7. Regression equation used to estimate annual survival for Kirtland’s warblers 

(Setophaga kirtlandii) based on wintering grounds precipitation: Survivorship = 0∙49 + (0∙0278 x 

[precipitation (cm)]). 
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Table S1. The 23 estimates of fledgling production used to derive mean fledgling production for 

simulation of Kirtland’s warbler (Setophaga kirtlandii) population dynamics. Nest losses through 

parasitism or predation were accounted for in the estimates. 

Source Year(s) Estimated fledglings / male (nest) 

Mayfield (1960, p.204) 1950’s 2∙2 (1∙48) 

Orr (1975) 1974 3∙72 (3∙19) 

Shake & Mattsson (1975) 1972 4∙26 (2∙84) 

Shake & Mattsson (1975) 1973 4∙18 (2∙79) 

Shake & Mattsson (1975) 1974 4∙39 (2∙93) 

Ryel (1981) 1972 3∙35 (2∙72) 

Ryel (1981) 1973 2∙97 (2∙71) 

Ryel (1981) 1974 3∙35 (2∙87) 

Ryel (1981) 1975 3∙19 (2∙76) 

Ryel (1981) 1976 2∙97 (2∙70) 

Ryel (1981) 1977 2∙21 (2∙06) 

Kelly & DeCapita (1982) 1975 4∙2 (2∙8) 

Kelly & DeCapita (1982) 1976 4∙05 (2∙7) 

Kelly & DeCapita (1982) 1977 3∙15 (2∙1) 

Kelly & DeCapita (1982) 1978 4∙8 (3∙2) 

Kelly & DeCapita (1982) 1979 4∙05 (2∙7) 

Kelly & DeCapita (1982) 1980 3∙9 (2∙6) 

Kelly & DeCapita (1982) 1981 4∙35 (2∙9) 

Walkinshaw (1983, p.164) 1972−1977 2∙22 (1∙48) 

Rockwell et al. (2012) 2007−2009 3∙3 

Bocetti (unpublished) 1990 4∙214 

Bocetti (unpublished) 1991 4∙2 

Bocetti (unpublished) 1992 3∙143 

MEAN 3∙58 
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Table S2. Annual survivorship estimates for hatch-year Kirtland’s warblers (Setophaga 

kirtlandii). For this study, we used the mean of the Bocetti, Donner & Mayfield (2014) estimates 

(i.e., 0∙415). During the model development stage we found that survivorship estimates of 0∙35 

and 0∙46 resulted in abundance projections that were too low and high, respectively, relative to 

the observed abundance data. 

Estimated 

survivorship 

Information about estimates Source 

0∙35 Best guess based on field data Ryel (1979, 1981) 

0∙28 Values derived from those needed to maintain a 

static population 

Probst (1986) 

0∙21 Values derived from those needed to maintain a 

static population (low estimate) 

Probst & Hayes (1987) 

0∙26 Values derived from those needed to maintain a 

static population (high estimate) 

Probst & Hayes (1987) 

0∙3 Field data Bocetti (1994) 

0∙35 Citing Rockwell and Bocetti, unpublished data Rockwell (2013) 

0∙46 Hatch-year male Bocetti, Donner & Mayfield (2014) 

0∙37 Hatch-year female Bocetti, Donner & Mayfield (2014) 
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Table S3. Annual survivorship estimates for after hatch-year male Kirtland’s warblers 

(Setophaga kirtlandii). For this study, we used the mean (0∙67) and standard deviation (0∙07) of 

these estimates for our baseline survivorship distribution. 

Estimated 

survivorship 

Information about estimates Source 

0∙74 Data based on adult males banded and found again in 

another year (1931-1966) 

Berger & Radabaugh (1968) 

0∙65 Best guess based on field data Ryel (1981) 

0∙75 Based on 60% return rate + estimated 15% missed 

floaters 

Probst (1986); Probst & Hayes 

(1987) 

0∙57 Mean annual male survival estimated from capture-

recapture data; SY and ASY estimates were averaged 

Rockwell (2013) 

0∙65 Age-specific and sex-specific estimates of annual 

survivorship were determined by USGS scientists using 

mark-recapture techniques from 775 Kirtland’s 

Warblers that were uniquely colour-marked from 1987 

to 1992 at 5 major breeding areas. 

Michigan Department of 

Natural Resources, U.S. Fish 

and Wildlife Service & U.S. 

Forest Service, unpublished 

report 
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