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Abstract: We used capture–mark–recapture (CMR) models to estimate population trends 
(mean annual population change, λ̂ ) in western North America for 86 landbird species from 
15 years (1992–2006) of data from the MAPS program (Monitoring Avian Productivity and 
Survivorship; www.birdpop.org/pages/maps.php). The mean λ̂  for 26 temperate-wintering 
migratory species that winter in the North Temperate Zone was significantly <1.0 (decreas-
ing), nonsignificantly >1.0 (increasing) for 40 migratory species wintering in the neotropics, 
and nonsignificantly <1.0 for 20 permanent resident species. Values of λ̂  for the 86 individual 
species were positively correlated with the 1992–2006 trends for those species according to the 
Breeding Bird Survey (BBS), and the pattern of means of λ̂  from the two sources was similar 
for all three migration classes. For migratory species, we compared the 1992–2006 pattern 
of λ̂  from MAPS with the 1966–1991 and 1979–1991 population trends derived from BBS 
data. The result suggests that patterns of population change remained much the same from 
1966 through 2006, but populations tended to decrease more during the most recent 15 years 
of those 4 decades. For four species selected as case studies, we used MAPS data to estimate 
apparent survival of adults and recruitment from CMR models, and to index adults’ popula-
tion density, productivity, and post-breeding effects from generalized linear mixed models. For 
each of those four species we then examined temporal pairwise correlations among the annual 
estimates of λ̂ , population density of adults, apparent survival of adults, productivity, and post-
breeding effects to make inferences regarding the proximate demographic drivers of population 
change. These correlations led us to hypothesize that the 1992–2006 population decreases for 
the Golden-crowned Kinglet (Regulus satrapa) were driven primarily by decreases in adult sur-
vival, for the Orange-crowned Warbler (Oreothlypis celata) by that and decreases in productivity. 
For the “Western” Flycatcher (Empidonax difficilis/occidentalis), however, we hypothesize that 
population decreases were driven primarily by first-year survival, as apparently were increases 
in the Warbling Vireo (Vireo gilvus) population. We suggest such population changes can be 
tested, and that the ultimate environmental drivers of population change for these and other 
species can be identified by integrated modeling of BBS, MAPS, and other demographic data 
in conjunction with local and landscape-scale data on habitat, weather, and climate. 
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productivity, vital rates

Supplemental Online Material for this paper (Tables S1 and S2) is available at 
www.wfopublications.org/Avifaunal_Change/DeSante_SOM.pdf

Population changes and their demographic drivers in 
landbirds of western North America: An assessment from the 
Monitoring Avian Productivity and Survivorship program
David F. DeSante1,*, Danielle R. Kaschube1, and James F. Saracco1

Full citation: DeSante, D. F., Kaschube, D. R., and Saracco, J. F. 2018. Population changes and their demographic drivers in 
landbirds of western North America: An assessment from the Monitoring Avian Productivity and Survivorship program, in Trends 
and traditions: Avifaunal change in western North America (W. D. Shuford, R. E. Gill Jr., and C. M. Handel, eds.), pp. 269–293. 
Studies of Western Birds 3. Western Field Ornithologists, Camarillo, CA; doi 10.21199/SWB3.15.
1The Institute for Bird Populations, P.O. Box 1346, Point Reyes Station, California 94956;  
*corresponding author: ddesante@birdpop.org

As the human population grows, becomes 
more technologically intensive, and requires 

increasing resources of energy, food, minerals, and 
living space, bird populations can be expected to 
change dramatically in both abundance and distri-
bution because of associated climate change and 

habitat alteration. Consequently, bird populations 
and their food resources may not be able to adapt 
rapidly enough to keep up with those environ-
mental changes. Many populations may decline 
in abundance and contract in range. Especially 
vulnerable may be migratory landbirds that have 
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evolved intricate adaptations to multiple environ-
ments in different geographical areas during their 
annual cycle. Sedentary species also may not be 
immune to such environmental changes, because 
their habitat flexibility and dispersal capabilities 
may be limited.

To best manage and conserve landbird species, 
we must monitor changes not only in their abun-
dance and distribution on appropriate temporal 
and spatial scales (Bart 2005, Sauer et al. 2008) 
but also in their primary demographic parameters 
(e.g., vital rates such as productivity and survival). 
These values may allow us to understand the proxi-
mate demographic correlates of population change 
and determine the stage(s) of the annual cycle 
when and where these changes are being effected 
(DeSante et al. 2001, Saracco and DeSante 2008). 
We must also develop demographic models using 
environmental covariates (e.g., habitat, weather, 
climate) to determine the ultimate environmental 
drivers of those demographic changes (DeSante 
et al. 2005a). Understanding the contribution 
of the various vital rates to the dynamics of bird 
populations not only has important conservation 
implications, it is fundamental to our basic under-
standing of avian population dynamics (Sillett et 
al. 2000, Sillett and Holmes 2002, Julliard 2004). 

The challenges to determining population 
trends are formidable, particularly because of the 
inherent difficulty of counting landbirds accu-
rately. Capture–mark–recapture (CMR) models, 
however, enable estimation of the annual rate of 
population change (λ) without a count of the 
number of individuals in the population (Pradel 
1996). In addition, transient Cormack–Jolly–
Seber CMR models (Pradel et al. 1997) provide 
estimates of apparent survival (true survival minus 
emigration) of resident adults and derived recruit-
ment rates. Moreover, if the CMR data-collection 
protocol is standardized over many capture sta-
tions, and each station’s size and capture effort are 
held constant throughout the station’s operation, 
indices of population density and productivity 
may be obtained from generalized linear mixed 
models (GLMMs) (Peach et al. 2004). 

The Monitoring Avian Productivity and 
Survivorship (MAPS) program was established 
in 1989 by The Institute for Bird Populations to 
provide estimates of population change and the 
vital rates that are the demographic correlates of 
that change, including apparent survival of adults 
and productivity. The MAPS protocol became 
standardized in 1992, and over 1200 stations 
have been established and operated since then. 
Here, using data from the 1992–2006 operation 

of MAPS stations in western North America, 
we demonstrate that population trends can be 
estimated from these data for a large number of 
landbird species. We also examine these trends 
as a function of the species’ migration strategies. 
We then compare these estimates of population 
change to analogous population trends from the 
North American Breeding Bird Survey (BBS; 
Sauer et al. 2014) and to estimates of population 
change during the preceding 13-year (1979–1991) 
and 26-year (1966–1991) periods (DeSante and 
George 1994). Then, for four species selected as 
case studies, we use Cormack–Jolly–Seber CMR 
models to estimate apparent survival of adults and 
derive estimates of recruitment, following the ad 
hoc approach of Pradel et al. (1997) to account 
for transients. We also use GLMMs to estimate 
indices of adults’ population density and produc-
tivity (number of young/number of adults) and to 
derive an index of post-breeding effects (recruit-
ment/productivity). Finally, we examine pairwise 
temporal (1992–2006) correlations among annual 
estimates of λ̂ , population density of adults, 
apparent survival of adults, productivity, and 
post-breeding effects, from which we infer the 
demographic drivers of population change for 
these selected species.

Methods

MAPs dAtA
Data from the MAPS program come from the 
annual operation of a network of stations that 
extends across the continental United States and 
southern Canada. The overall design and the 
general field methods of this program were stan-
dardized in 1992 as described by DeSante (1992) 
and DeSante et al. (1995, 1996, 2004, 2014). 
In general, MAPS stations are 20-ha study areas 
established where long-term mist netting is prac-
tical and permissible and where the habitat is 
expected to remain undisturbed for at least 10 
years. Typically, ten mist nets, 12 m long with 
30-mm mesh, are distributed rather uniformly 
through the central portion of each station and 
left open for a consistent time during 6–10 morn-
ings (fewer at more northerly latitudes) spaced at 
approximately 10-day intervals through the breed-
ing season. The times of opening and closing the 
nets and beginning each net run are standardized 
and recorded each day so that netting effort can be 
calculated for each 10-day period each year.

Each bird captured is marked with a uniquely 
numbered aluminum leg band provided by the 
U.S. Geological Survey or the Canadian Wildlife 
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Service and, if possible, its sex and age are deter-
mined according to guidelines developed by Pyle 
(1997). Measures of physical condition (body 
mass, wing chord, and fat content), breeding con-
dition (cloacal protuberance and/or brood patch), 
and body and flight-feather molt (including feath-
er wear and molt limits) are recorded for all birds 
captured, including recaptures, with standardized 
codes. The station’s operator identifies whether 
each species seen or heard (including species not 
captured) breeds at the site by criteria similar to 
those employed for breeding bird atlases. 

Following computer entry, all MAPS data are 
vetted (MAPSPROG; Froehlich et al. 2006) for 
(1) the validity of the codes used in all records; 
(2) internal consistency of each banding record 
by comparison of the criteria for aging and sexing 
and data on breeding and molt to the resulting 
identifications to species, age, and sex; (3) con-
sistency of these determinations for all records of 
each band number; and (4) consistency among 
data on banding, effort, and breeding status for 
all records. 

We defined western North America to include 
all continental U.S. states and Canadian provinces 
and territories west of the eastern boundaries of 
Yukon territory, Alberta, Montana, Wyoming, 
Colorado, and New Mexico. We analyzed data 
from all stations within this area that were oper-
ated for at least 4 years during the 15-year period 
1992–2006 and for which no more than 2 consec-
utive years were missed during the period of oper-
ation. To include data from a station for any given 
year, we required that the effort must have been 
sufficient for the data to be usable for analyses of 
both survival and productivity (i.e., operated with 
at least half of the standardized effort during at 
least five 10-day periods distributed throughout 
the season). A total of 286 stations fulfilled these 
requirements during the period 1992–2006; data 
from these stations form the basis for the analyses 
reported here. 

We included data for any given species only 
from those stations at which the species was a 
“usual breeder,” that is, a summer resident and 
presumably attempting to breed at the station 
(i.e., at least a portion of its territory fell within 
the station boundaries) during more than half of 
the years that the station was operated from 1992 
to 2006. Finally, we limited our analyses to spe-
cies that were captured at 6 or more stations, for 
which a total of at least 75 adults were captured, 
banded, and released during the 15-year period 
1992–2006, and at which at least 10 individuals 
were recaptured during that period at least one 

year after being banded. We realize that 75 adults 
is a very small sample for use in assessing range-
wide population change, but we were interested 
in exploring the range of sample sizes from which 
the rate of population change could be estimated 
and how such estimates would compare with 
estimates from the BBS. A total of 103 “species” 
satisfied these criteria and were included in the 
analyses. Because of the difficulty of distinguish-
ing the Alder (Empidonax alnorum) from the 
Willow (E. traillii) Flycatcher, and the Pacific-
slope (E. difficilis) from the Cordilleran (E. occi-
dentalis) Flycatcher, we combined data for each 
of these two species pairs and analyzed them as 
two “species,” “Traill’s” Flycatcher and “Western” 
Flycatcher, respectively.

To investigate potential patterns, we grouped 
species into three categories according to their 
distance of migration: N (neotropical), migratory, 
<50% of the population wintering north of the 
U.S./Mexico border; T (temperate), migratory, 
>50% of the population wintering north of the 
U.S./Mexico border; R (permanent resident), 
nonmigratory, the species making only irregular, 
irruptive, or minor (<<50% of the population) 
movements during the nonbreeding season. 

estiMAtion of λ
For each of the 103 species, we applied Pradel 
reverse-time CMR models (Pradel 1996) to the 
data to estimate the population’s annual growth 
rate (λ) for each of 14 intervals during the 15-year 
period 1992–2006. A value of λ <1.0 indicates a 
decrease, >1.0 an increase. We used the “Pradel 
survival and lambda” routine in program Mark 
(White and Burnham 1999) and used the pack-
age “RMark” (as described by Laake 2013) in R 
version 2.10.1 (R Development Core Team 2009) 
to estimate ϕ (apparent survival of adults) and λ. 
We considered three basic linear models for each 
of these two demographic parameters, with a log 
link for λ and logit link for ϕ: (1) time-dependent 
(t, for which we considered year as a fixed effect, 
calculating a year-specific estimate for each of the 
14 intervals); (2) a linear function of time (T, in 
which an intercept and slope [β] were estimated 
over the entire 15-year period and year-specific 
estimates were calculated from the intercept and 
slope); and (3) time-constant (i.e., intercept only, 
in which a single estimate was calculated over 
the entire 15-year period). In addition to three 
temporal models each for λ and ϕ, we consid-
ered four logit-linear models for the “nuisance” 
parameter, p, probability of recapture, as: (1) 
time-constant (·); (2) time-dependent (t); (3) a 
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function of the station-specific mean number 
of captures of individual birds within a season 
over the entire 15-year period (CAPCOV); and 
(4) both time-dependent (t) and a function of 
the station-specific mean number of captures of 
individual birds within a season (CAPCOV + t). 
There were thus a total of 36 models in the set of 
Pradel reverse-time CMR models, (3 for λ) × (3 
for ϕ) × (4 for p). We selected models based on 
the Akaike’s information criterion (Burnham and 
Anderson 1992) corrected for small sample size 
(AICc; Burnham and Anderson 1998). In addi-
tion to calculating parameter estimates as above, 
we also calculated fully model-averaged parameter 
estimates by using AICc weights (wi; Burnham 
and Anderson 1998). We did not assess goodness 
of fit or attempt to estimate overdispersion for 
these models as no methods specific for the Pradel 
model are available.

We excluded (i.e., considered unusable) a year-
specific estimate of λ if its standard error (SE) 
was 0, if its lower 95% confidence limit (LCL) 
was 0 or upper 95% confidence limit (UCL) was 
infinity, if its SE was larger than the estimate, 
if its value was <0.3 (the approximate value of 
λ if all three demographic rates contributing to 
λ [productivity, survival of young, and survival 
of adults] were simultaneously 60% lower than 
in the previous year), if its value was >2.1 (the 
approximate value of λ if all three demographic 
rates were simultaneously 60% higher than in the 
previous year), or if it was associated with recruit-
ment estimates (see below) <0. If we excluded an 
estimate of λ, we also excluded the corresponding 
estimate of recruitment. We further analyzed only 
the 86 species for which we obtained a usable (not 
excluded) year-specific model-averaged estimate 
of λ for at least 10 of the 14 intervals (pairs of 
years) between 1992 and 2006.

For each of these 86 species, we calculated the 
geometric mean of the usable fully model-averaged 
year-specific estimates of λ, which were weighted 
by the number of unique adults captured each 
year. We used this geometric mean estimate ( λ̂ ) 
as our measure of the species’ overall 1992–2006 
population trend according to the MAPS data. 
Then, with the package “msm” (Jackson 2011) 
in R (R Development Core Team 2009), we used 
the variance–covariance matrices of the year-spe-
cific estimates of λ and the delta method (Oehlert 
1992) to calculate the SE of the geometric mean 
and subsequent 95% LCL and UCL. 

To investigate potential patterns in population 
trends, we grouped species by their trends from 
1992 to 2006 as 

decreasing (D), λ̂  < 0.99; or 0.99 < λ̂  < 1.0 
and λ̂  < 1.0,

stable (S), 0.99 < λ̂  < 1.01 and 95% CI  
of λ̂  contains 1.0, or

increasing (I), λ̂  > 1.01; or 1.0 < λ̂  < 1.01 and 
λ̂  > 1.0.

To examine potential differences among the 
three categories of migration, we created a histo-
gram of λ̂  and calculated the unweighted grand 
mean and 95% CI for the species within each 
category. 

We also used the estimate of the slope of the 
linear-time model λT as a measure of the log-linear 
temporal trend in the population growth rate over 
the period 1992–2006, and considered the trend 
to be statistically significant if the 95% confidence 
interval (CI) of the estimated slope ( β̂ ) did not 
contain 0. 

CoMPArison of MAPs �̂�𝛌  
with BBs PoPulAtion trends
For each of the 86 species for which we estimated 
λ̂  from the 1992–2006 MAPS data, we also 
obtained the survey-wide population trend esti-
mated from BBS data for the same period (Sauer 
et al. 2014). We ran a correlation analysis between 
these two values, and compared the means from 
the two programs for the three categories of 
migration and the 86 species as a whole.

CoMPArison of �̂�𝛌 BAsed on MAPs  
with Previous estiMAtes of 
PoPulAtion trend 
On the basis of BBS data, DeSante and George 
(1994) categorized population trends of 125 
migratory species (59 wintering in the neotropics, 
66 in the temperate zone) for western North 
America as decreasing, increasing, or stable (no 
trend) for the 26 years from 1966 to 1991 and for 
the more recent half of that period (1979–1991). 
We were able to estimate λ from MAPS data for 
the subsequent 15 years (1992–2006) for 59 of 
these species (37 wintering in the neotropics, 22 
in the temperate zone). Because of the differences 
between DeSante and George (1994) and our 
analysis in the manner in which we identified a 
species’ population as stable (no trend), we could 
not compare the numbers or proportions of spe-
cies with decreasing or increasing trends in the 
two sets of data directly. Instead, for each time 
period (1966–1991, 1979–1991, 1992–2006), 
we excluded all species with stable populations 
and calculated the resulting proportion of spe-
cies with decreasing trends among those with any 
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trend, considering only the 59 species in com-
mon between the studies. We did this for each 
migratory group (wintering in the neotropics or 
temperate zone) and for both groups combined. 
We also compared the three groups (neotropical, 
temperate, combined) relative to the propor-
tions of species whose trend changed between 
time periods. We defined a change in trend as 
more negative (change from increasing to stable, 
increasing to decreasing, or stable to decreasing), 
more positive (change from decreasing to stable, 
decreasing to increasing, or stable to increas-
ing), or not changing (decreasing to decreasing, 
increasing to increasing, or stable to stable). We 
then calculated, for each migratory group and 
both groups combined, the proportion of species 
whose trend had become more negative among 
all species whose trend had changed (positively or 
negatively) between periods. 

estiMAtion of other vitAl rAtes  
for seleCted sPeCies 
A population’s growth rate (annual population 
change, λt) is defined as the population size in 
year t + 1 divided by the population size in year t. 
There are two processes whereby the size of a bird 
population changes from year t to year t + 1. These 
are apparent survival of adults and recruitment. 
Apparent survival of adults is defined as the differ-
ence between two processes: true survival of adults 
(the complement of mortality) minus emigration 
of adults. In contrast, recruitment is the result 
of the addition of two processes: recruitment of 
young plus immigration of adults. Recruitment 
of young itself is the product of two other pro-
cesses: productivity times first-year survival. Thus, 
recruitment can be described as 

ƒ = IM + (RI × SHY),

where ƒ is the recruitment rate, IM is the immi-
gration rate of adults, RI is productivity, and 
SHY is the first-year survival rate of the young 
(hatching-year) birds. This can be rearranged as

ƒ/RI = IM/RI + SHY.

The recruitment rate (ƒ) and the reproductive 
rate (RI) can be obtained from MAPS data (see 
below). First-year survival, however, generally 
cannot be estimated by CMR models from MAPS 
data because distances of natal dispersal of most 
landbirds, especially migratory species, gener-
ally exceed the diameter of a 20-ha MAPS station 
(Sutherland et al. 2000). Furthermore, MAPS 
data do not directly yield an estimate or index of 
the rate of immigration of adults. However, we 

can define a new index, post-breeding effects, PBE 
= ƒ/RI, which comprises everything that affects ƒ 
after the young have become independent of their 
parents. Thus the above equation becomes

PBE = IM/RI + SHY.

Modeling with actual MAPS data has shown that 
PBE is significantly correlated with SHY regardless 
of whether the immigration rate, IM, is mod-
eled as zero, constant (0.15 or 0.25), variable but 
negatively correlated with adult apparent survival, 
or variable and random (DFD unpubl. data). 
Therefore, we suggest that correlations between 
PBEt and λt, or between PBEt and other vital rates, 
should be similar to and can inform analogous 
relationships between StHY and λt, or between 
StHY and those other vital rates. 

To demonstrate how MAPS data can be used to 
investigate the demographic correlates of popula-
tion change, we selected four species as case stud-
ies for estimating three important vital rates (ϕ, 
RI, and PBE). The four species included three that 
winter in the neotropics, breed widely in western 
North America, and often co-occur at MAPS 
stations. Two of these, the “Western” Flycatcher 
and Orange-crowned Warbler (Oreothlypis celata), 
were decreasing according to MAPS data, while 
the third, the Warbling Vireo (Vireo gilvus), 
was increasing. The fourth, the Golden-crowned 
Kinglet (Regulus satrapa), is an irruptive species 
wintering in the temperate zone and decreasing 
per MAPS data. 

Estimation of Apparent Survival of Adults
Estimates of apparent survival of adults, ϕ, from 

Pradel reverse-time CMR models will be biased 
(low) if the population contains transient individu-
als such as passage migrants, dispersing birds, and 
floaters (sensu Brown 1969) whose probability of 
returning to the station is effectively zero. Because 
of this potential bias, we estimated year-specific 
apparent survival rates of adults ( ϕ̂ ) with CJS 
models that account for the presence of transients 
(Pradel et al. 1997, Nott and DeSante 2002, Hines 
et al. 2003). We also used these modified models 
to estimate the “nuisance” parameter residency (τ), 
the proportion of residents among newly captured 
adults of unknown residency (i.e., those that were 
not recaptured at least 7 days later in their first year 
of capture). These models provide estimates for τ by 
combining two survival rates, ϕU1, the first period 
survival rate for individuals not captured 7 or more 
days later in their first year of capture (a mix of resi-
dent and transient individuals), and ϕM, the surviv-
al rate of residents. We can then let ϕM serve as our 
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estimate for ϕtr and hereafter refer to it simply as 
apparent survival of adults (ϕ). Again, we modeled 
all combinations of ϕU1 and ϕM each as time-con-
stant (·), time-dependent (t), or a linear function of 
time (T); we also added two models in which the 
two parameters (t or T) vary in concert. Thus there 
were 11 biologically meaningful models describing 
time variation (or lack thereof) in ϕU1 and ϕM. We 
modeled time variation in recapture probability, p, 
with the same four models that we used for p in the 
Pradel models, as described above. Thus the set of 
CJS models adjusted for transients numbered 44, 
(11 for ϕU1 and ϕM) × (4 for p). We also calculated 
fully model-averaged estimates of ϕ̂  on the basis 
of AICc model weights. Assessment of goodness 
of fit was complicated by missed days of netting 
at some sites, so we did not attempt to adjust the 
models’ likelihoods for overdispersion (Danner et 
al. 2013, Brown and Graham 2015). 

We excluded, as unusable, estimates of ϕ = 0 or 
1, and those with SE = 0, LCL = 0, or UCL = 1. 
Also excluded were estimates of ϕ associated with 
estimates of τ >1 or with estimates of f <0. If we 
excluded an estimate of ϕ, we also excluded the 
corresponding estimate of f. 

Estimation of Recruitment Rates
Despite the negative bias in survival-rate esti-

mates from Pradel reverse-time models because of 
the inclusion of transients, estimates of the rate of 
population growth from these models are unbi-
ased if underestimation of survival rates is bal-
anced by overestimation of recruitment rates (i.e., 
transience in survival and recruitment are of equal 
magnitude). Under this assumption, we calculated 
year-specific estimates of the recruitment rate for 
the four selected species as

𝑓𝑓𝑡𝑡
tr =  λ̂𝑡𝑡 −  ϕ̂𝑡𝑡

tr, 
where 𝑓𝑓𝑡𝑡tr  represents an estimate of the year-spe-
cific number of new individuals in the population 
in year t per individual in year t – 1, based on λ̂  
from Pradel reverse-time models and ϕ̂  from the 
CJS models adjusted for the length of stay of tran-
sients. Although demographic contributions to 
trends could be inferred from survival and recruit-
ment estimates derived solely from Pradel reverse-
time models (Saracco et al. 2008), we believe 
that combining information from the Pradel and 
CJS models, as we have done, provides a more 
appropriate basis for assessing demographic com-
ponents of trends. Therefore we refer to 𝑓𝑓𝑡𝑡tr  simply 
as recruitment 𝑓𝑓 . We were unable to calculate 
confidence intervals for derived parameters (e.g., 

𝑓𝑓�̂�𝑡  or PBÊ𝑡𝑡  [see below]) because those parameters 
were not modeled explicitly and so did not have 
associated variance–covariance matrices.

We excluded, as unusable, estimates of f <0 
or associated with an estimate of λ or ϕ that was 
excluded. If we excluded an estimate of f <0, we also 
excluded the corresponding estimates for λ and ϕ. 

Estimation of the Index of the Rate of Capture 
of Adults and the Reproductive Index

For each of the four selected species, we mod-
eled the number of unique adults captured each 
year at a given station as a Poisson random vari-
able and the number of young captured per adult 
as a binomial random variable. We used GLMMs 
with a log link to assess temporal (annual) varia-
tion in indices of capture of adults (Ad) and with 
a logit link to assess productivity (RI). To calcu-
late correction offsets for missed or excess effort, 
we used regional spatial replication of sites and 
incorporated the offsets into the linear models. 
For the effort-corrected indices of capture and 
productivity of adults, we used the models’ pre-
dictions based on the exponent of the intercept 
plus year effect, such that predictions for adults 
(Ad) were expressed as number of adults per sta-
tion and productivity (RI) was expressed as the 
number of young birds per adult bird per station. 
We estimated the SE of these year-specific indices 
by the delta method (Oehlert 1992), which we 
implemented in R by following Jackson (2010), 
and we approximated 95% confidence intervals 
from these SEs. As in the CMR models, we mod-
eled temporal variation in our indices of capture 
of adults (Ad) and the reproductive index (RI) as 
time-constant (·), as time-dependent (t), and as 
a linear function of time (T). Also, as with the 
temporal CMR models, we used AICc weights for 
selecting models but, in contrast to the analysis 
with the CMR models, we could not provide 
meaningful model-averaged estimates of Ad or 
RI. Because all MAPS stations are approximately 
the same size, our indices of capture of adults (Ad) 
are essentially indices of the adults’ population 
density. 

We excluded, as unusable, estimates of Ad = 0, 
and those with LCL = 0 or UCL >1000. Similarly, 
we also excluded, as unusable, estimates of RI = 0. 

Calculation of Post-breeding Effects
The index of post-breeding effects was calculat-

ed as ƒ/RI. Again, as in all temporal analyses, we 
estimated PBE as time-constant, time-dependent, 
and a linear function of time. Because we could 
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not obtain model-averaged estimates for RI, we 
could not calculate model-averaged estimates for 
PBE. We excluded, as unusable, estimates of PBE 
that were associated with estimates of f or RI that 
were excluded.

PAirwise CorrelAtions AMong 
deMogrAPhiC PArAMeters 
For each of the four species selected as case studies, 
we used R package “weights” (Pasek et al. 2018) to 
analyze correlations among the usable time-depen-
dent estimates for population density of adults  
(Ad� t ), population change (λ̂ ), apparent survival of 
adults (ϕ̂ ), productivity (RÎ ), and post-breeding 
effects (PBÊ𝑡𝑡 ). Estimates were paired by year and 
weighted by the number of unique adults cap-
tured each year. We then examined the resulting 
scatterplot matrices and pairwise correlations for 
evidence of drivers of annual population changes 
and the extent to which these drivers might be 
density dependent. Because λ and ϕ are defined 
as rates of change or return over pairs of years and 
are estimated by the Pradel reverse-time “survival 
and lambda” model, and because f is calculated as 
the difference between λ and ϕ, temporal (by year) 
correlations between estimates of λ and f tend to be 
very strong and significantly positive. Therefore, 
we did not include estimates of ft in our pairwise 
correlations. We did, however, include PBEt, even 
though this variable is calculated as ft/RIt, because 
RIt is not necessarily correlated in any way with 
λt or ft. We suggest that ϕt, RIt, and PBEt (which 
provides information regarding survival of first-
year birds) are the three basic vital rates that drive 
changes in λt. We used an α of 0.1 as the criterion 
of statistical significance for all correlations.

results

estiMAtion of λ froM MAPs dAtA
From the MAPS data for western North America, 
we obtained usable year-specific model-averaged 
estimates of λ for at least 10 of the 14 intervals 
between 1992 and 2006 for 86 of the 103 land-
bird species analyzed (Table 1). For 57 species 
(66% of the 86), the estimates met these criteria 
for 13 or 14 intervals. Among the 86 species, the 
number of stations at which a species was captured 
varied from 8 to 211 (mean = 58), the number 
of adults banded and released varied from 110 to 
14,786 (mean = 2473), and the number of recap-
tures in a year after banding ranged from 11 to 
5344 (mean = 438).

The time-dependent (t) model for λ was the 

model selected for 31 (36%) of the 86 species, 
while the linear-time (T) model was selected 
for 20 (23%), and the time-constant (·) model 
was selected for 35 (41%) (Table 1). When the 
time-dependent (t) model was selected, it was 
selected more strongly (mean AICc weight 0.83) 
than were the linear-time (T) or, especially, the 
time-constant (·) models when they were selected 
(mean AICc weights of 0.75 and 0.61, respec-
tively). For 71 of the 86 species, the estimated 
slope ( β̂ ) from the linear-time model was not 
significantly different from 0, suggesting that 
there was no directional change in the population 
growth rate during the 15 years. For 8 of the 86 
species, however, the temporal trend in the growth 
rate was significantly negative, while for 7 it was 
significantly positive (Table 1). 

Among all 86 species, estimates of the popula-
tion growth rate ( λ̂ ) ranged from 0.867 to 1.196 
(Table 1), with a grand mean of 0.994 (CI = 
0.983–1.004), indicating no overall pattern of 
decreasing or increasing populations across west-
ern landbirds. The frequency distributions of the 
species-specific population growth rates differed, 
however, based on migration category of the 
species (Figure 1). The grand mean population 
growth rate showed no overall pattern of decreas-
ing or increasing populations among either the 
40 migratory species wintering in the neotropics 
(1.003, CI = 0.988–1.019) or the 20 perma-
nent resident species (0.993, CI = 0.968–1.018; 
Figure 2). Among the 26 migratory species win-
tering in the temperate zone, however, the grand 
mean population growth rate was significantly 
<1.0 (0.980, CI = 0.965–0.995), suggesting a 
pattern of overall decline in this group of species. 
Nevertheless, the proportions of decreasing, sta-
ble, and increasing species in the three categories 
of migration did not differ significantly (χ2 = 4.81, 
df = 4, p = 0.31), suggesting that the lower mean 
population growth rate among migrants wintering 
in the temperate zone may have reflected differ-
ences in the magnitude of the decreasing popula-
tion trends compared to those of species in the 
other two groups.

CoMPArison of MAPs �̂�𝛌  
with BBs trends
For the 86 species, mean values of λ̂  based on 
MAPS data from 1992 to 2006 were positively 
correlated with the population trends accord-
ing to the BBS (Sauer et al. 2014) (Figure 3; 
see Appendix 1 for four-letter species codes and 
scientific names). This is not to say that for some 
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(continued)

tABle 1. Estimates of mean annual population change ( λ̂ ) in 86 species of western North American landbirds from 
1992 to 2006. Estimates were derived from MAPS data by means of Pradel reverse-time capture–mark–recapture models. 

Number AICc weighte λ̂ h

Species Ma Stab Indivc Rcpsd λt λT λ· Int f Trendg Mean SE LCL UCL λ β̂
Red-naped 

Sapsucker T 37 678 139 0.218 0.768 0.014 14 I 1.025 0.063 0.901 1.148 0.034*
Red-breasted 

Sapsucker T 55 1165 232 0.214 0.450 0.336 14 S 0.992 0.113 0.770 1.214 –0.013
Nuttall’s 

Woodpecker R 30 430 102 0.030 0.448 0.522 14 I 1.017 0.054 0.912 1.122 0.011
Downy 

Woodpecker R 94 1020 151 0.633 0.104 0.263 14 D 0.989 0.086 0.820 1.157 –0.002
Hairy 

Woodpecker R 83 458 83 0.017 0.813 0.170 14 I 1.039 0.084 0.874 1.204 0.038
Northern  

Flicker T 107 466 36 0.001 0.349 0.650 12 S 1.002 0.021 0.961 1.043 0.006
Olive-sided 

Flycatcher N 19 125 20 0.001 0.979 0.020 12 D 0.961 0.031 0.900 1.021 –0.038*
Western Wood-

Pewee N 105 2461 405 0.000 0.309 0.691 14 I 1.017 0.008 1.001 1.033 0.002
“Traill’s” 

Flycatcher N 62 2673 389 0.011 0.523 0.466 14 I 1.023 0.025 0.975 1.071 0.004
Least Flycatcher N 11 608 65 0.021 0.336 0.643 13 I 1.044 0.079 0.888 1.200 –0.010
Hammond’s 

Flycatcher N 63 1591 274 0.010 0.988 0.001 14 D 0.986 0.012 0.962 1.010 –0.017*
Dusky 

Flycatcher N 56 3352 489 0.975 0.009 0.016 13 S 0.998 0.034 0.932 1.065 0.005
“Western” 

Flycatcher N 90 3843 355 0.001 0.414 0.585 14 D 0.930 0.027 0.877 0.982 0.008
Black Phoebe R 32 399 43 0.047 0.272 0.681 14 S 0.995 0.075 0.848 1.141 0.001
Ash-throated 

Flycatcher N 59 1450 147 0.220 0.340 0.441 13 D 0.944 0.089 0.769 1.119 –0.023
Eastern 

Kingbird N 12 156 11 0.000 0.476 0.524 12 I 1.030 0.040 0.953 1.108 –0.015
Bell’s Vireo N 9 333 65 0.126 0.825 0.049 10 I 1.196 0.132 0.938 1.455 0.103*
Hutton’s Vireo R 27 199 30 0.001 0.488 0.511 11 I 1.031 0.032 0.969 1.094 0.013
Cassin’s Vireo N 36 789 52 0.021 0.973 0.007 13 D 0.965 0.025 0.916 1.015 0.024*
Plumbeous 

Vireo N 11 115 21 0.000 0.534 0.466 11 D 0.972 0.044 0.886 1.058 –0.027
Warbling Vireo N 130 7491 1036 0.989 0.008 0.002 13 I 1.071 0.021 1.028 1.113 0.013
Red-eyed Vireo N 15 227 33 0.137 0.338 0.526 10 D 0.893 0.196 0.509 1.276 0.046
Gray Jay R 22 110 35 0.000 0.255 0.745 13 D 0.953 0.041 0.872 1.035 –3.720
Steller’s Jay R 75 439 57 0.000 0.377 0.623 14 I 1.036 0.019 0.999 1.073 0.006
“Western” 

Scrub-Jay R 43 214 21 0.016 0.302 0.683 12 D 0.953 0.054 0.848 1.058 0.007
Tree Swallow N 42 835 76 0.974 0.007 0.019 10 D 0.931 0.106 0.722 1.139 0.000
N. Rough-

winged 
Swallow N 18 153 11 0.005 0.256 0.739 10 I 1.012 0.049 0.916 1.108 0.001

Barn Swallow N 11 447 39 0.235 0.194 0.571 11 D 0.957 0.137 0.689 1.226 –0.001
Black-capped 

Chickadee R 85 2010 386 0.008 0.276 0.717 14 S 1.003 0.020 0.963 1.043 –0.001
Mountain 

Chickadee R 60 1700 208 0.152 0.235 0.613 14 I 1.119 0.161 0.804 1.434 0.003
Chestnut-

backed 
Chickadee R 62 1749 231 0.974 0.008 0.018 13 S 1.005 0.074 0.860 1.149 –0.006

Boreal 
Chickadee R 11 133 29 0.000 0.307 0.692 10 I 1.057 0.138 0.786 1.327 0.010

Oak Titmouse R 23 357 75 0.000 0.267 0.733 13 D 0.969 0.024 0.923 1.016 –0.001
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(continued)

Number AICc weighte λ̂ h

Species Ma Stab Indivc Rcpsd λt λT λ· Int f Trendg Mean SE LCL UCL λ β̂
Bushtit R 69 2542 159 0.054 0.311 0.636 14 D 0.907 0.118 0.676 1.139 0.010
Red-breasted 

Nuthatch T 82 839 38 0.834 0.060 0.106 13 D 0.939 0.101 0.741 1.136 –0.025
White-breasted 

Nuthatch R 29 170 32 0.000 0.275 0.725 12 D 0.965 0.034 0.898 1.032 0.005
Brown Creeper T 64 824 76 0.152 0.346 0.502 14 S 0.995 0.085 0.828 1.163 0.008
House Wren N 79 3506 386 0.103 0.797 0.100 14 S 1.004 0.034 0.936 1.071 0.019*
Pacific Wren T 40 1292 180 0.006 0.818 0.176 14 D 0.925 0.039 0.849 1.001 0.020*
Bewick’s Wren R 92 2701 569 0.887 0.039 0.074 13 D 0.953 0.033 0.889 1.017 –0.009
Golden-crowned 

Kinglet T 64 1335 22 0.410 0.199 0.391 12 D 0.948 0.172 0.610 1.286 –0.025
Ruby-crowned 

Kinglet T 36 1346 65 0.596 0.200 0.205 11 I 1.029 0.312 0.417 1.640 0.033
Wrentit R 57 2770 888 0.897 0.028 0.075 14 I 1.057 0.070 0.920 1.194 –0.001
Western 

Bluebird T 16 180 16 0.053 0.652 0.295 11 D 0.945 0.110 0.730 1.161 0.020
Veery N 8 263 119 0.838 0.050 0.113 10 D 0.961 0.075 0.814 1.108 0.004
Swainson’s 

Thrush N 130 14,786 5344 0.449 0.155 0.395 14 S 0.998 0.044 0.911 1.084 –0.001
Hermit Thrush T 53 1870 423 0.603 0.113 0.284 13 D 0.982 0.092 0.801 1.163 0.002
American Robin T 211 8332 1172 0.935 0.059 0.006 14 S 1.004 0.010 0.984 1.023 –0.006
Varied Thrush T 42 574 58 0.016 0.622 0.362 10 I 1.027 0.108 0.815 1.240 0.054
Gray Catbird N 21 1971 446 0.013 0.442 0.545 14 I 1.059 0.039 0.983 1.136 –0.010
California 

Thrasher R 15 165 29 0.359 0.513 0.127 11 D 0.867 0.172 0.530 1.203 –0.055
Pine Grosbeak T 12 132 12 0.014 0.776 0.210 10 I 1.014 0.083 0.851 1.177 –0.036
House Finch R 58 1990 48 0.823 0.052 0.126 13 D 0.950 0.073 0.807 1.092 0.010
Purple Finch T 49 4871 543 1.000 0.000 0.000 12 S 0.992 0.046 0.903 1.081 –0.015
Lesser  

Goldfinch T 50 2084 61 0.597 0.112 0.291 13 D 0.931 0.077 0.781 1.081 0.005
American 

Goldfinch T 57 3904 379 0.998 0.002 0.000 10 D 0.895 0.055 0.788 1.002 0.033
Northern 

Waterthrush N 17 500 103 0.002 0.277 0.721 14 I 1.011 0.047 0.919 1.102 –0.007
Orange-crowned 

Warbler N 84 5116 614 0.013 0.297 0.690 14 D 0.981 0.034 0.915 1.047 –0.004
Lucy’s Warbler N 12 794 77 0.167 0.221 0.612 11 I 1.066 0.098 0.874 1.258 0.004
Nashville 

Warbler N 22 1020 57 0.335 0.235 0.430 13 I 1.014 0.152 0.717 1.311 0.017
MacGillivray’s 

Warbler N 109 9413 2328 0.020 0.310 0.670 14 I 1.020 0.017 0.986 1.054 0.002
Common 

Yellowthroat N 77 6036 1158 0.015 0.417 0.568 14 S 0.990 0.023 0.945 1.035 –0.005
American 

Redstart N 16 973 203 0.899 0.101 0.000 11 I 1.056 0.075 0.909 1.203 –0.045*
Yellow Warbler N 123 11,775 2578 0.019 0.706 0.275 14 I 1.033 0.017 0.999 1.066 –0.006*
Yellow-rumped 

Warbler T 94 5605 496 0.533 0.132 0.336 14 S 0.998 0.049 0.903 1.094 –0.002
Townsend’s 

Warbler N 30 1446 129 0.674 0.090 0.237 14 S 0.996 0.071 0.858 1.135 0.003
Hermit  

Warbler N 35 1592 61 0.939 0.022 0.039 13 D 0.946 0.050 0.847 1.045 –0.020
Wilson’s  

Warbler N 99 12,807 1648 1.000 0.000 0.000 14 S 0.996 0.012 0.974 1.019 0.008
Yellow-breasted 

Chat N 47 2866 710 0.105 0.276 0.619 14 I 1.019 0.046 0.929 1.109 –0.001
Green-tailed 

Towhee N 17 493 105 0.001 0.892 0.107 12 D 0.976 0.019 0.939 1.013 –0.017*
Spotted Towhee T 123 4522 936 0.839 0.052 0.109 14 D 0.980 0.035 0.911 1.049 –0.005
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Number AICc weighte λ̂ h

Species Ma Stab Indivc Rcpsd λt λT λ· Int f Trendg Mean SE LCL UCL λ β̂
California 

Towhee R 35 884 196 1.000 0.000 0.000 13 S 1.003 0.021 0.962 1.044 –0.020
Chipping 

Sparrow T 59 1581 127 0.047 0.330 0.623 14 D 0.956 0.077 0.805 1.107 –0.012
Savannah 

Sparrow T 13 572 123 0.899 0.043 0.058 10 D 0.923 0.059 0.808 1.038 –0.029
Fox Sparrow T 45 1355 291 0.200 0.319 0.481 14 S 1.008 0.061 0.888 1.128 –0.005
Song Sparrow T 180 14,526 3858 1.000 0.000 0.000 14 D 0.962 0.011 0.940 0.984 –0.015*
Lincoln’s 

Sparrow N 54 3519 1026 0.724 0.161 0.115 14 D 0.983 0.031 0.922 1.043 –0.005
White-crowned 

Sparrow T 38 1680 395 0.363 0.253 0.384 14 D 0.982 0.091 0.803 1.161 –0.001
Dark-eyed 

Junco T 122 8865 1937 0.869 0.061 0.070 14 S 1.001 0.033 0.936 1.065 –0.007
Summer  

Tanager N 10 364 141 0.005 0.266 0.729 11 I 1.039 0.030 0.981 1.097 0.000
Western 

Tanager N 103 2933 147 0.085 0.902 0.013 14 I 1.043 0.052 0.941 1.144 0.043*
Black-headed 

Grosbeak N 143 6300 862 0.999 0.001 0.001 13 S 0.992 0.023 0.948 1.036 0.008
Lazuli Bunting N 55 2537 209 0.820 0.158 0.022 12 S 1.003 0.112 0.783 1.222 0.027*
Red-winged 

Blackbird T 52 1947 147 0.334 0.628 0.038 11 I 1.054 0.236 0.592 1.517 –0.053*
Brown-headed 

Cowbird T 141 2019 406 0.044 0.889 0.067 14 D 0.968 0.021 0.926 1.010 –0.012*
Bullock’s 

Oriole N 63 2016 197 0.311 0.301 0.388 14 I 1.016 0.168 0.688 1.345 –0.010
Meanj 58 2473 438 0.348 0.327 0.325 12.8 0.994 0.983 1.004 –0.043
aMigration class: N, migrant wintering in the neotropics; T, migrant wintering in the temperate zone; R, permanent resident. 
bNumber of stations at which adults of the species were captured.
cNumber of newly banded individual adults.
dNumber of unique adults recaptured during a given year, summed across years.
eAICc weight for time-dependent (λt), linear-time (λT), and time-constant (λ·) models. The selected model is shown in boldface.
fNumber of 2-year intervals (of 14 possible) for which usable (see text) year-specific model-averaged estimates of λ̂  were obtained. 
Only species with such estimates from 10 or more intervals are included in this table.

gCategory of population trend from 1992 to 2006 as determined by λ̂ , the weighted (see text) geometric mean of the year-specific 
model-averaged estimate of λ: D, decreasing; S, stable; I, increasing.

hMean annual population change ( λ̂ ) from 1992 to 2006, presented as the weighted (see text) geometric mean of the year-specific 
model-averaged estimate of λ, with SE and 95% confidence interval (LCL, UCL).

iSlope (β̂ ) of linear-time model; *, value statistically significant (confidence interval of β̂  does not include 0). 
jGrand mean over all 86 species (and 95% confidence limits for λ̂ ).

tABle 1 (continued).

species the two sources did not differ. Indeed, for 
14 of the 86 species (16%), one source implied 
an increase while the other implied a decrease. 
This proportion was similar among the three cat-
egories of migration: 18% for migrants wintering 
in the neotropics, 15% for migrants wintering 
in the temperate zone, and 15% for permanent 
residents. 

For the 86 species overall, the grand mean 
of λ̂  calculated from the BBS data (0.998, CI 
= 0.995–1.001) was similar to that calculated 
from the MAPS data (0.994, CI = 0.983–1.004); 
credible and confidence intervals overlapped 

completely. Both sources indicated no overall 
pattern of decline or increase among western 
landbird populations. Moreover, the proportions 
of the 86 species with λ̂  <1.0 according to the 
two data sets were also very similar: 47 (55%) for 
MAPS, 48 (56%) for the BBS. Trends for indi-
vidual species according to the BBS were much 
more precise (mean 95% credible interval for 86 
species = 0.025) than were those based on MAPS 
(mean 95% confidence interval of weighted geo-
metric means of fully model-averaged annual λ̂  
for the same 86 species = 0.267, although that for 
the year-constant [·] model for the 86 species = 
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0.132). In addition, the variation among species 
in λ̂  according to MAPS data (SE of mean of 86 
species = 0.008) was almost three times as great as 
the corresponding variation in that based on the 
BBS (SE of mean of 86 species = 0.003). This is 
also reflected in the range of the species-specific 
mean values of λ̂  (0.867 to 1.196 for MAPS ver-
sus 0.967 to 1.044 for the BBS).

Finally, the patterns of the mean values of λ̂  
derived from the two sources for the three migra-
tion classes were similar (Figure 2). According 
to the BBS, migrants wintering in the temper-
ate zone had the lowest mean (0.996, CI = 
0.991–1.000), which was very nearly significantly 
different from 1.0, whereas migrants wintering 
in the neotropics (0.999, CI = 0.994–1.004) and 

permanent residents (0.999, CI = 0.992–1.006) 
had slightly higher mean values that were very 
similar to each other.

CoMPArison of �̂�𝛌 froM MAPs dAtA 
with Previous estiMAtes  
of PoPulAtion trends 
Among all migratory landbird species in western 
North America with either a decreasing or increas-
ing trend according to BBS data from 1966 to 
1991 (DeSante and George 1994), the proportion 
of decreasing species was lower during the lat-
ter half (1979–1991) of the 26-year period than 
it was over the entire 26 years. This proportion 
increased during the period 1992–2006 accord-
ing to MAPS data (Figure 4A). This pattern of a 
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figure 1. Number of landbird species, according to MAPS data, with a population trend (mean annual popula-
tion change, λ̂ ) for western North America from 1992 to 2006 within each interval of 0.02 for 40 migrants winter-
ing in the neotropics, 26 migrants wintering in the temperate zone, and 20 permanent resident species.
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decrease and then an increase in the proportion 
of decreasing species (52% [n = 27] to 41% [n = 
29] to 53% [n = 43]) was strongly reflected in the 
migrants wintering in the temperate zone (80% [n 
= 10] to 44% [n = 9] to 79% [n = 14]) but not in 
those wintering in the neotropics (35% [n = 17] to 
40% [n = 20] to 41% [n = 29]). Increasing species 
dominated the latter category during all three time 
periods but slightly less so in more recent periods 
(Figure 4A). 

Similar results were also reflected in the chang-
es in the proportion of migratory species for 
which the population trend became more negative 
(Figure 4B). Trends for only 38% of the 34 species 
were more negative during 1979–1981 than dur-
ing the 26-year (1966–1991) period as a whole. In 
contrast, during the 15 years (1992–2006) whose 
MAPS data we analyzed, trends in 49% of the 
39 species were more negative than those during 
the 26-year period, and 57% of the 42 species 
were more negative than those during the 13-year 
period. Again, this pattern of change in the pro-
portion of species whose trends became more 
negative was strong among migrants wintering in 
the temperate zone (18% [n = 11] to 58% [n = 
12] to 69% [n = 16]) but not for those wintering 
in the neotropics (48% [n = 23] to 44% [n = 27] 
to 50% [n = 26]). 

Overall, these results indicate that population 
trends of migrants wintering in the temperate 
zone were substantially less negative (perhaps even 
slightly positive) during the last 13 years (1979–
1991) than in the first 13 years (1966–1978) of 
the 26-year (1966–1991) period, then became 
substantially more negative during the follow-
ing 15 years (1992–2006). This pattern was also 
reflected when results for all species were pooled. 
In contrast, for the species wintering in the 
neotropics, trends were positive during all three 
periods but tended to become slightly less positive 
during each successive period.

teMPorAl CorrelAtions AMong 
estiMAtes of λ And other 
deMogrAPhiC PArAMeters  
for four seleCted sPeCies
The temporal correlation between annual esti-
mates of λ̂  (Table S1) and Ad� t  (Table S2) was 
negative for all four species selected as case studies. 
It was not statistically significant for the Orange-
crowned Warbler (Figure 5) or Western Flycatcher 
(Figure 6) and was essentially zero for the Warbling 
Vireo (Figure 7), but it was significantly negative (r 
= –0.75, p < 0.01) for the Golden-crowned Kinglet 
(Figure 8). The correlation between ϕ̂  (Table S1) 
and Ad� t  was significantly negative for the Golden-
crowned Kinglet (r = –0.84, p < 0.01) and mar-
ginally so for the Orange-crowned Warbler (r = 
–0.48, p = 0.08). Although there was no significant 
correlation between RÎ  (Table S2) and Ad� t  for any 
species, the correlation between PBÊ𝑡𝑡  (Table S2) 
and Ad� t  was significantly positive for the Orange-
crowned Warbler (r = 0.54, p = 0.048). 

Estimates of λ̂  were positively correlated with 
those of at least one other demographic parameter 
for each of the four species, suggesting that annual 
variation in those parameters may have played an 
important role in driving population dynamics. 
Estimates of λ̂  were significantly correlated (or 
marginally so) with ϕ̂  for the Golden-crowned 
Kinglet (r = 0.65, p = 0.02); with both ϕ̂  and 
RÎ  for the Orange-crowned Warbler (r = 0.75, p 
< 0.01; r = 0.58, p = 0.03, respectively); and with 
PBÊ𝑡𝑡  for both the Western Flycatcher (r = 0.77, p 
< 0.01) and Warbling Vireo (r = 0.53, p = 0.06). 

The positive correlation between ϕ̂  and RÎ  
was marginally significant for the Orange-crowned 
Warbler (r = 0.53, p = 0.051). In contrast, ϕ̂  and 
PBÊ𝑡𝑡  were negatively correlated for the Western 
Flycatcher (r = –0.72, p < 0.01) and Warbling 
Vireo (r = –0.66, p = 0.01). Finally, RÎ  and 
PBÊ𝑡𝑡  were negatively correlated for the Orange-
crowned Warbler (r = –0.76, p < 0.01), Warbling 

figure 2. Comparison of mean population trends 
(mean annual population change, λ̂ , with 95% CI) for 
western North America according to MAPS and the 
BBS from 1992 to 2006 for 40 migrants wintering in 
the neotropics, 26 migrants wintering in the temperate 
zone, and 20 permanent resident species.
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Vireo (r = –0.58, p = 0.04), and Golden-crowned 
Kinglet (r = –0.61, p = 0.03).

disCussion

estiMAtion of PoPulAtion ChAnge (λ)
From the MAPS data, we obtained at least 10 
usable year-specific estimates for 86 landbird spe-
cies, from which we projected population change 
in western North America from 1992 to 2006. 
These estimates of MAPS λ̂  were positively cor-
related with these species’ trends according to the 
BBS for the same period, although for 16% of the 
species one source indicated a decrease while the 
other indicated an increase. 

Because MAPS stations can be established only 
where constant-effort mist-netting is possible, 

permissible, and sustainable over many years, 
and so cannot be sited as randomly as BBS 
routes, it is not surprising that trends based on 
the two sources sometimes differed substantially. 
Moreover, MAPS stations are typically sited well 
away from roads, whereas BBS routes follow 
tertiary roads. Given these conflicting require-
ments for siting MAPS stations and BBS routes, 
the positive correlation between the two sources 
implies that both methods yield information on 
large-scale trends in landbird populations. This 
general concordance also suggests that MAPS data 
may provide fairly representative samples, at least 
at the spatial scale of western North America, a 
prerequisite for reverse-time CMR models to be 
able to provide accurate estimates of the annual 
rate of population change. These results have 

figure 3. Correlation between population trends ( λ̂ ) for 86 species of western North American landbirds from 
1992 to 2006 according to MAPS data and according to the BBS (from Sauer et al. 2014). See Appendix 1 for 
codes for species. 
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important ramifications for efforts aimed at inte-
grated demographic modeling of MAPS and BBS 
data.

Estimates of λ̂  based on MAPS data tended to 
be substantially less precise than trends estimated 
from the BBS. This too is not surprising because 
samples for MAPS data (number of resident adults 
captured per station per year) tend to be smaller 
than analogous samples for BBS data (number of 
adult birds counted on a 25-mile, 50-stop route 
per year). The CMR models by which λ is esti-
mated from MAPS data are well known for being 
data hungry. 

The slope of the linear regression line for 
the relationship between estimates of population 
change from the two sources was slightly greater 
than 1.0. This line intersected the line for BBS 
λ̂  = 1 slightly below the line for MAPS λ̂  = 1 
(Figure 3), suggesting that estimates of population 
change from MAPS tended to be slightly lower 

(more declining) than those based on the BBS, 
and that this difference was more pronounced for 
decreasing than for increasing species. In a post 
hoc analysis of 47 species with decreasing trends 
based on MAPS data (i.e., λ̂  < 1.0), the values of 
λ̂  were negatively correlated with their SEs (r = 
–0.50, p < 0.01) and positively correlated with 
the number of adult individuals banded (r = 0.32, 
p = 0.03), suggesting that species with strongly 
decreasing trends had high SEs because their 
data were deficient. For 39 species with λ̂  >1.0, 
the analogous correlations were only marginally 
significant or not significant, suggesting that spe-
cies with strongly increasing trends according to 
MAPS data did not necessarily have high SEs and 
were not necessarily data deficient. 

Both sources indicate that populations of 
landbirds in western North America from 1992 
to 2006 tended to be decreasing: on the basis of 
MAPS data, 47 (55%) of the 86 species had λ̂  

figure 4. Comparison of population trends for migratory landbirds in western North America by three periods, 
1966–1991, 1979–1991 (from DeSante and George 1994), and 1992–2006 (from MAPS data). (A) Percentage of 
decreasing species; (B) percentage of species with a negative change from a preceding period.

 

A 

B 
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figure 5. Scatterplots (lower triangle of squares; symbols scaled by number of unique adults captured each year) and 
weighted pairwise temporal (by year) correlations (upper triangle of squares) among five vital rates for the Orange-
crowned Warbler in western North America from 1992 to 2006: index of adults’ population density (Ad� t ; adults/20-
ha station), annual population change (λ̂ ), adults’ apparent survival (ϕ̂ ), productivity (reproductive index, RÎ ;  
young/adult), and index of post-breeding effects (PBÊ𝑡𝑡 ), all based on MAPS data. 

figure 6. Scatterplots (lower triangle of squares; symbols scaled by number of unique adults captured each year) and 
weighted pair-wise temporal (by year) correlations (upper triangle of squares) among five vital rates for the Western 
Flycatcher in western North America from 1992 to 2006: index of adults’ population density (Ad� t ; adults/20-ha 
station), annual population change (λ̂ ), adults’ apparent survival (ϕ̂ ), productivity (reproductive index, RÎ ;  
young/adult), and index of post-breeding effects (PBÊ𝑡𝑡 ), all based on MAPS data. 
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figure 7. Scatterplots (lower triangle of squares; symbols scaled by number of unique adults captured each year) 
and weighted pair-wise temporal (by year) correlations (upper triangle of squares) among five vital rates for the 
Warbling Vireo in western North America from 1992 to 2006: index of adults’ population density (Ad� t ; adults/20-
ha station), annual population change (λ̂ ), adults’ apparent survival (ϕ̂ ), productivity (reproductive index, RÎ ; 
young/adult), and index of post-breeding effects (PBÊ𝑡𝑡 ), all based on MAPS data. 

figure 8. Scatterplots (lower triangle of squares; symbols scaled by number of unique adults captured each year) 
and weighted pair-wise temporal (by year) correlations (upper triangle of squares) among five vital rates for the 
Golden-crowned Kinglet in western North America from 1992 to 2006: index of adults’ population density (Ad� t ;  
adults/20-ha station), annual population change (λ̂ ), adults’ apparent survival (ϕ̂ ), productivity (reproductive 
index, RÎ ; young/adult), and index of post-breeding effects (PBÊ𝑡𝑡 ), all based on MAPS data. 
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<1.0, and the mean for these 86 species was 0.994. 
Similarly, on the basis of the BBS, 48 (56%) of the 
86 had λ̂ <1.0, with a mean of 0.998. Most of this 
mean decrease from both surveys was attributable 
to the 26 migratory species wintering in the tem-
perate zone: on the basis of MAPS data, 17 (65%) 
of the 26 species had λ̂  <1.0, and the mean for 
the 26 species was 0.980, which was significantly 
<1.0. In contrast, the 40 migratory species winter-
ing in the neotropics had a mean λ̂  of 1.003, and 
20 (50%) species had λ̂  <1.0, while the 20 perma-
nent resident species had a mean λ̂  of 0.993, and 
10 (50%) species had λ̂  <1.0. 

The pattern of species wintering in the tem-
perate zone declining more than those wintering 
in the neotropics characterized both the previ-
ous 13-year and 26-year periods (DeSante and 
George 1994) as well as the more recent 15-year 
(1992–2006) period, indicating that the pattern 
of population changes among migratory bird 
species in western North America has remained 
consistent over some 4 decades (1966–2006). 
This suggests that the factors driving the popu-
lation trends of migratory landbirds in western 
North America may also have remained much the 
same over that 40-year period. These factors likely 
included habitat destruction and degradation, 
particularly of riparian and grassland habitats, 
but possibly also of forest habitats, as well as the 
introduction of invasive species (DeSante and 
George 1994). The effects of these processes on 
landbird populations, however, appear not to have 
remained constant over these 40 years, at least for 
migratory species wintering in the temperate zone. 
Populations of these species tended to decline 
much less during the middle 13-year (1979–
1991) period than during the previous 13-year 
(1966–1978) period (DeSante and George 1994), 
then tended to decline much more strongly dur-
ing the final 15-year (1992–2006) period. This 
pattern suggests that temporal variation in λ may 
be cyclic, but considerably more than 1½ cycles 
are needed to confirm such a pattern. This pat-
tern of temporal variation in the rate of decline 
of these species might also suggest a connection 
with weather or climate, a hypothesis that could 
be tested with data on large-scale, long-term cli-
mate cycles. Indeed, MAPS data have been used to 
confirm relationships between both productivity 
and survival and various climate cycles including 
the El Niño/Southern Oscillation (ENSO) and 
the North Atlantic Oscillation (Nott et al. 2002, 
LaManna et al. 2012). 

identifiCAtion of PossiBle teMPorAl 
drivers of PoPulAtion ChAnge 
The greatest value of MAPS data lies not in their 
ability to provide estimates of population trends 
but in their ability to provide estimates of other 
demographic parameters (vital rates) that may be 
driving those population trends. Temporal (and 
spatial) relationships among these vital rates suggest 
hypotheses for whether the trends are driven by 
processes affecting the birth rate versus those affect-
ing the death rate. Thus these relationships suggest 
when and where in the annual cycle the population 
changes are driven, and whether they are driven by 
density-dependent or -independent factors.

Correlations between Estimates of Population 
Density of Adults and Other Vital Rates 
(Density Dependence)

We suggest that a negative temporal correlation 
between Ad� t  and λ̂  can be viewed as an indication 
of density dependence—when the population 
density is high, λ is low, and vice versa. Although 
this correlation was negative for all four selected 
species, it was statistically significant only for the 
Golden-crowned Kinglet and extremely weak for 
the Warbling Vireo. Nevertheless, these results 
suggest that some degree of density dependence 
may have characterized the population dynamics 
of most of these species from 1992 to 2006. 

For the Orange-crowned Warbler, Western 
Flycatcher, and Golden-crowned Kinglet, the 
negative correlation of the estimated population 
density with the estimate of apparent survival was 
stronger than with any other vital rate. For the 
Orange-crowned Warbler and Golden-crowned 
Kinglet this correlation was significantly nega-
tive, which suggests that in these species density 
dependence was effected primarily through adults’ 
survival, likely during the nonbreeding season, 
probably on the wintering grounds. 

For all four species, the estimate of productiv-
ity was also negatively correlated with estimated 
population density. But none of these correlations 
was significant, suggesting that density depen-
dence may have been effected secondarily and 
weakly by productivity on the breeding grounds. 
Post-breeding effects were negatively (and nonsig-
nificantly) correlated with population density for 
only one species (Golden-crowned Kinglet), sug-
gesting that density dependence rarely operated 
through post-breeding effects. 
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Correlations between �̂�𝛌  and Estimates of 
Other Vital Rates (Demographic Drivers)

MAPS data allow year-specific estimation of a 
population’s growth rate and three basic vital rates 
that drive it: apparent survival of adults, produc-
tivity, and post-breeding effects, which tend to be 
correlated with survival of young in their first year. 
We suggest that a significant positive temporal 
correlation between λ̂  and annual estimates of any 
of these three basic vital rates implies that tempo-
ral variation in that vital rate may be an important 
driver of temporal variation in λ. It also may 
suggest that the overall mean trend for any given 
period (i.e., whether the population is decreas-
ing or increasing during that period) may also be 
driven by that vital rate. It is possible, however, 
that annual variation in λ may be driven by annual 
variation in one vital rate (e.g., productivity), 
while a different vital rate (e.g., adults’ survival) 
may be low and not balanced by recruitment every 
year, so that the latter is fundamentally the cause 
of λ being <1.0. As a result, interpretations of tem-
poral correlations between λ and other vital rates, 
in conjunction with consideration of the esti-
mated mean values of those vital rates, especially 
in comparison to related species that have similar 
ecologies, must be considered hypotheses in need 
of testing with more sophisticated demographic 
models. Nevertheless, these hypotheses can be 
important in driving further research. 

Apparent survival of adults is the result of two 
processes. First is mortality, which likely is driven by 
factors acting during the nonbreeding season away 
from the breeding grounds, either on the wintering 
grounds or during migration. Second is emigration, 
which is likely driven by factors acting during the 
breeding season on the breeding grounds. Because 
of breeding landbirds’ territorial behavior and gen-
erally strong site fidelity, and MAPS stations being 
sited at locations where the habitat was expected 
to remain free of human-caused disturbance for 
at least 10 years (DeSante et al. 2014), we suggest 
that temporal variation in apparent survival of 
adults was likely driven more by processes affecting 
mortality away from the breeding grounds than by 
emigration from the breeding grounds. We note, 
however, that short- to medium-term climatic vari-
ation on the breeding grounds (such as drought) 
could alter relevant conditions, affecting emigration 
or even mortality on the breeding grounds. Thus, 
again, we must consider suggestions, such as that 
above, as hypotheses in need of testing with more 
sophisticated demographic models.

Furthermore, even though modeling has shown 

that first-year survival of young is positively cor-
related with post-breeding effects, post-breeding 
effects are the result of two processes. One of these 
is survival of young in their first year, which, like 
survival of adults, is likely driven by factors act-
ing away from the breeding grounds. The other 
is immigration of adults, which over large spatial 
scales must be roughly equal to emigration of 
adults, and is likely driven by factors acting on 
the breeding grounds. Because survival of young is 
likely to be lower than survival of adults, we sug-
gest that temporal variation in post-breeding effects 
is likely driven more by processes acting away 
from the breeding grounds than on the breeding 
grounds. Again, however, we must consider this 
suggestion to be a hypothesis in need of testing.

It might be presumed that temporal varia-
tion in productivity is driven by processes acting 
exclusively on the breeding grounds. Considerable 
recent evidence, however, suggests that productiv-
ity is often driven by effects carried over from 
a previous stage in the annual cycle (Nott et al. 
2002, Rockwell et al. 2012, Drake et al. 2014). 
This possibility further justifies the testing of 
hypotheses derived from correlations among vital 
rates based on MAPS data with more sophisti-
cated demographic models. With these consider-
ations in mind, we examine the temporal correla-
tions among vital rates for the four selected species 
and suggest demographic drivers of the observed 
temporal variation in their population change. 

Case Studies
Orange-crowned Warbler. The significant, posi-

tive correlations between annual rates of popula-
tion change (λ̂ ) and both the apparent survival 
of adults and productivity suggest that annual 
variation in λ (and, likely, the resulting population 
decline) was driven by annual variation in both 
of these vital rates, especially by that in apparent 
survival of adults (Figure 5). Because annual varia-
tion in apparent survival likely reflects primar-
ily annual variation in true survival, the factors 
that drove annual variation in λ through annual 
variation in adults’ survival likely acted during 
the nonbreeding season. We suspect that these 
factors involve the interaction of weather in late 
winter and early spring on habitats used by the 
birds during winter and migration. Indeed, initial 
results for the Orange-crowned Warbler from the 
program Monitoreo de Sobrevivencia Invernal 
(MoSI; DeSante et al. 2005b) suggest that many 
birds wintering in western Mexico move to higher 
and wetter habitats in mid- to late winter as the 
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dry season advances. Thus mortality of Orange-
crowned Warblers may be high in late winter as 
a result of the dryness of the winter range at that 
season. Or it may be high during spring migra-
tion, either as a result of body condition worsen-
ing on the winter grounds or adverse conditions 
on the migration route itself. 

The Orange-crowned Warbler’s decline, linked 
to a decrease in adults’ survival, may reflect a drying 
trend in western Mexico over the past few decades 
related to global climate change. Precipitation in 
the region is expected to decrease further (Neelin 
et al. 2006, Karmalkar et al. 2011). This decrease 
may affect many migratory landbirds wintering 
in that region. Indeed, LaManna et al. (2012) 
showed a strong correlation between ENSO and 
apparent survival of adult Swainson’s Thrushes 
breeding on the Pacific slope of the United States 
and Canada, a correlation apparently driven by 
late-winter/early-spring precipitation on the spe-
cies’ spring migration route. 

One might assume that annual variation in 
productivity, which was also a significant cor-
relate of annual variation in the Orange-crowned 
Warbler’s population change, resulted from fac-
tors operating on the breeding grounds. However, 
Nott et al. (2002) showed that productivity in 
migratory landbirds wintering in the neotropics 
and breeding in the Pacific Northwest was sig-
nificantly correlated with ENSO as well as with 
the resulting late-winter/early-spring precipitation 
in western Mexico. This suggests a carry-over 
effect on productivity for these species similar to 
the carry-over effect on timing of breeding and 
productivity documented for a number of species 
breeding in eastern North America and winter-
ing in the neotropics (e.g., Rockwell et al. 2012). 
Drake et al. (2014) also showed that the survival, 
timing of breeding, and productivity of Yellow 
Warblers breeding in British Columbia was related 
to ENSO and apparently affected by wind condi-
tions during spring migration. It thus seems likely 
that future population trends of many western 
landbirds wintering in the neotropics will depend 
heavily on interactions between winter and spring 
weather conditions and characteristics of non-
breeding habitat as modified by climate change. 

Because for the Orange-crowned Warbler λ̂  
was positively correlated with estimates of both 
apparent survival and productivity, the significant 
positive correlation between those variables was 
expected (Figure 5). Although λ̂  showed virtually 
no correlation with post-breeding effects, produc-
tivity was negatively correlated with post-breeding 

effects, suggesting a strong negative correlation 
between the number of young produced and their 
survival in the subsequent year. Again, because 
productivity and adults’ apparent survival were 
positively correlated, it was not unexpected that 
the latter variable and post-breeding effects were 
also (almost significantly) negatively correlated 
(Figure 5). These three correlations suggest some 
degree of density dependence of survival away 
from the breeding grounds. Indeed, both adults’ 
apparent survival and productivity were nega-
tively correlated with their population density, 
significantly so for the former (Figure 5). Clearly, 
temporal correlations among the Orange-crowned 
Warbler’s vital rates can lead to testable hypotheses 
regarding the demographic and environmental 
drivers of the species’ population decline and, per-
haps, management to reverse the decline.

Western Flycatcher. Not for all declining spe-
cies wintering in the neotropics are temporal 
correlations between λ̂  and adults’ apparent sur-
vival likely to be strongly positive. For the Western 
Flycatcher, for example, we found only a weak 
nonsignificant negative correlation between λ̂  and 
adults’ apparent survival but a strong and highly 
significant positive temporal correlation between 
λ̂  and post-breeding effects (Figure 6). This sug-
gests that annual variation in population change 
(and, likely, the resulting population decline) was 
driven by annual variation in first-year survival of 
young. The latter factor has been implicated in 
the declines of a number of European landbirds, 
including the Song Thrush (Turdus philomelos; 
Baillie et al. 2014), and it may be a fairly fre-
quent driver of population declines in North 
American landbirds as well. The temporal correla-
tion between λ̂  and productivity of the Western 
Flycatcher was also positive but was weak and 
nonsignificant, suggesting that productivity played 
at best only a minor role in the species’ popula-
tion decline. Like that of the Orange-crowned 
Warbler, however, productivity of the Western 
Flycatcher tended to be positively correlated with 
adults’ apparent survival; post-breeding effects 
were negatively correlated with both productivity 
and, especially, adults’ apparent survival, for which 
the correlation was strong and highly significant. 

Environmental drivers of the population 
decline of the Western Flycatcher may have been 
similar to those for the Orange-crowned Warbler, 
but, because the flycatcher winters in wetter habi-
tats (DFD unpubl. data), it may be less affected by 
dry years and conditions. If, however, adults tend 
to exclude conspecific young birds from the wetter, 
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more favorable habitats, then population declines 
could be driven during dry winters by poor first-
year survival of young birds forced into drier 
suboptimal habitats, a result in agreement with 
the correlations among vital rates discussed above. 
This is another testable hypothesis generated from 
the relationships among demographic parameters.

Warbling Vireo. Although MAPS data imply 
the Warbling Vireo’s population increased from 
1992 to 2006, the pattern of temporal correla-
tions among this species’ vital rates (Figure 7) was 
similar to that for the Western Flycatcher. This 
suggests that the temporal variation in population 
change (and, perhaps, the resulting population 
increase) was driven by annual variation in post-
breeding effects (first-year survival of young), 
which was positively correlated with λ̂ . Annual 
variation in productivity may have contributed 
secondarily, as it showed a positive though non-
significant correlation with λ̂ . In contrast to the 
Western Flycatcher, for which the negative cor-
relation between λ̂  and adults’ apparent survival 
was weak and not significant, for the Warbling 
Vireo this correlation was significantly negative. 

A significant negative correlation between λ̂  
and adults’ apparent survival may seem counter-
intuitive, because it suggests that when adults’ 
apparent survival is high, λ̂  is low and the popula-
tion tends to decrease, or at least to increase less 
rapidly. However, a simple model shows that if 
adults returning to their breeding or wintering ter-
ritories use more or better habitat than do young 
birds or immigrating adults, a negative correlation 
between λ̂  and adults’ apparent survival can result, 
as well as a negative correlation between adults’ 
apparent survival and post-breeding effects. This 
is exactly what temporal correlations showed for 
the Warbling Vireo. However, if the quantity or 
quality of habitat in the breeding or winter range is 
increasing so that the survival of young birds and 
immigrating adults is increasing relative to the sur-
vival of adults returning to their territories, then a 
positive relationship between λ̂  and post-breeding 
effects can result, which can drive an increasing λ̂  
despite the negative relationship between λ̂  and 
adults’ apparent survival. This also is what tem-
poral correlations showed for the Warbling Vireo. 
This is also a hypothesis that could be tested with 
multi-year age-specific survival data from both the 
breeding and wintering grounds. As with both the 
Orange-crowned Warbler and Western Flycatcher, 
post-breeding effects for the Warbling Vireo were 
negatively correlated with both adults’ apparent 
survival and productivity, but, in contrast to those 
two species, significantly so with both. 

Notably, none of the relationships between 
adults’ population density and any vital rate for 
the Warbling Vireo was significant. Only produc-
tivity showed even a weak negative correlation, 
and λ̂  showed virtually no correlation, which sug-
gested very little or no density dependence for this 
species. This may not be unexpected for a species 
with an increasing population. 

Golden-crowned Kinglet. In this decreasing spe-
cies that winters in the temperate zone, the tem-
poral correlation between λ̂  and adults’ apparent 
survival was positive and significant. Correlations 
between λ̂  and both productivity and post-
breeding effects were also positive but weaker 
and not significant (Figure 8). This suggests that 
apparent survival of adults played a major role in 
driving population change, but that productivity 
and post-breeding effects may have played minor 
positive roles as well. Also, all four vital rates were 
negatively correlated with the population density 
of adults, with the correlations for λ̂  and adults’ 
apparent survival being strongly and significantly 
negative. These relationships suggest a very high 
degree of density dependence that was effected 
primarily through adults’ apparent survival. In the 
West, the Golden-crowned Kinglet is an irrup-
tive migrant; in some autumns large numbers of 
birds move downslope and south, in others many 
fewer (Gaines 1988). The patterns of relation-
ships among vital rates based on MAPS data sug-
gest that these irruptions are density dependent, 
are related to major declines in some important 
resource (probably food), can strongly and nega-
tively influence survival of both adults and young, 
and, if they are frequent or severe enough, can 
drive population declines. Interestingly, in 4 of 
the 12 intervals for which we had usable estimates, 
apparent survival of adults was much lower (<0.1) 
than during the other 8 intervals (mean 0.233) 
(Figure 8). Is a frequency of 4 years of low survival 
out of 12 greater than expected in a stable popula-
tion? Or is intermittent annual survival <0.1 less 
than expected in a stable population? Additional 
years of data may answer this question.

The positive (but not quite significant) tem-
poral correlation between estimates of adults’ 
apparent survival and productivity suggests that 
the declines in resources that trigger autumn 
irruptions may begin during the breeding season, 
so that when productivity during a summer is low, 
adult’s apparent survival the following winter may 
also be low. The significant negative correlation 
between productivity and post-breeding effects 
may suggest a density-dependent relationship 
between the number of young fledged and their 
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subsequent first-year survival characteristic of 
this species (which typically lays a large clutch). 
Moreover, this negative correlation may not be 
driven by the factors that drive the irruptions. 

PossiBle ProBleMs And shortCoMings 
of this work
Several possible problems and shortcomings 
detract from our use of correlations among vital 
rates to infer the drivers of population change. 
First, while we used fully model-averaged param-
eter estimates for annual population change in our 
determination of mean λ̂  across the entire study 
period, we used estimates from the time-depen-
dent model for λ̂  (and for the other five demo-
graphic parameters) when we evaluated pairwise 
correlations among them, despite the time-depen-
dent model being selected for only 36% of the 86 
species. Although a linear-time or time-constant 
model was often selected as better for estimating 
λ, especially for species with smaller samples, we 
suggest that the time-dependent model provided 
the best year-specific estimates available, and we 
used those estimates in our correlations. Thus it 
is possible that the values for correlations with 
λ̂  could have been affected by lack of fit of the 
time-dependent model. In particular, the time-
dependent model was the model selected for the 
Warbling Vireo and Golden-crowned Kinglet, 
but not for the Western Flycatcher and Orange-
crowned Warbler, for which the time-constant 
model was selected. The same situation could have 
existed for adults’ apparent survival, for which the 
time-dependent model was selected only for the 
Western Flycatcher and Orange-crowned Warbler, 
while the linear-time model was selected for the 
Warbling Vireo and Golden-crowned Kinglet. 
This potential problem likely did not affect Ad� t  
or RÎ , because the time-dependent model was 
very strongly selected for both parameters for all 
four demonstration species. Models could not be 
selected for PBÊ𝑡𝑡  because it was a derived param-
eter, not directly estimated. 

A second potential problem with our use of 
correlations among vital rates is that correlation 
structure could have been imposed to some extent 
by covariation in sampling and constraints of the 
models (Anderson and Burnham 1981). As men-
tioned earlier, we did not consider correlations 
between annual population change and recruit-
ment, because the manner in which recruitment 
was calculated (as the difference between popula-
tion change and adults’ apparent survival) assured 
that population change and recruitment would 
always tend to be highly positively correlated. The 

Pradel models that we used allowed the survival 
component of the model to be temporally con-
strained, and this may have further enforced a 
structural relationship between population change 
and recruitment. Although effects of these issues 
on inferences are largely unknown because our 
methods do not allow separation of sampling from 
process variances and covariances, we suggest that 
effects may have been minimal for species with 
reasonable sample size. Given these potential 
problems and shortcomings, we suggest that our 
inferences regarding possible causes of annual 
variation in λ and the possible extent and role of 
density dependence must be considered hypoth-
eses in need of testing, not definitive pronounce-
ments on the strength and nature of relationships 
among demographic parameters.

the wAy forwArd
The four species discussed above demonstrate how 
temporal correlations among vital rates estimated 
from MAPS data can lead to hypotheses regarding 
the proximate demographic drivers of popula-
tion change. These data and results can inform 
research designed to test those hypotheses. They 
also can be used to populate integrated demo-
graphic models that could include environmental 
variables, such as site-specific and remotely sensed 
habitat data and spatially explicit weather and 
climate data, and be designed to identify ulti-
mate environmental drivers of population change. 
The results of such models can then be used to 
formulate species-specific conservation strategies 
and management directed at reversing popula-
tion declines and maintaining stable or increasing 
populations of landbirds. 

The same methods we have used to model 
temporal variation in population change and 
examine temporal correlations between popula-
tion change and other vital rates can also be 
employed to model broad spatial variation in 
population change and other vital rates and to 
examine spatial correlations among those demo-
graphic parameters. On the basis of MAPS data, 
both temporal and spatial (at the scale of North 
American Bird Conservation Regions; nabci-us.
org/resources/bird-conservation-regions-map/) 
modeling and examination of temporal and spa-
tial correlations of MAPS estimates of population 
change and other critical vital rates have been 
completed at the continental scale for over 158 
species. The results of these analyses are available 
at www.VitalRatesOfNorthAmericanLandbirds.
org (DeSante et al. 2015). These results reveal 
that, for some species, the vital rate(s) that appear 
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to be the primary drivers (correlates) of annual 
variation in λ are not the vital rates that appear to 
be the primary drivers (correlates) of spatial varia-
tion in population change. This should not be sur-
prising, as it is easy to imagine a situation where 
annual variation in λ is driven by annual variation 
in one vital rate (e.g., productivity), while spatial 
variation in λ is driven by a different vital rate. 
For example, adults’ survival rates may differ in 
different portions of the winter range, as a result 
of localized interactions of weather and habitat. 

While the MAPS program can provide some 
of the data on vital rates needed for integrated 
demographic models, additional information is 
needed before this effort can truly be successful. 
Two types of data are most crucial. The first is 
demographic data regarding survival rates of both 
young and adult birds on the winter grounds and 
during migration, and the relationship of these 
rates to habitat and weather. The MoSI program, 
established in 2002 (DeSante et al. 2005b), aims 
to provide data on habitat-specific survival rates, 
both within a winter and between successive win-
ters. The program addresses landbirds wintering in 
Mexico, Central America, and northwestern South 
America (Ruiz-Gutierrez et al. 2016). It or similar 
programs need to be expanded. Although the neo-
tropics often dominate discussion of the winter 
survival of North American landbirds, our results 
imply that western migrants wintering north of 
the U.S./Mexico border are suffering population 
declines greater than those wintering in the neo-
tropics. Analogous work on western landbirds win-
tering in the temperate zone would be very useful. 

The second pressing need for the success-
ful conservation and management of migratory 
landbirds is more extensive and more precise 
information on migratory connectivity. Over the 
past 15 years understanding of this topic has 
improved thanks to such techniques as stable-
carbon isotopes (Marra et al. 1998), light-level 
geolocators (Skutchbury et al. 2009, Cormier et 
al. 2013), high-resolution genetic markers (Ruegg 
et al. 2014), and GPS data loggers (Hallworth and 
Marra 2015). 

The relationships among demographic param-
eters derived from MAPS data suggest that inad-
equate survival of young and adult birds likely 
plays an important role in driving the declines of 
migratory landbirds. Understanding the role of 
weather-dependent survival in driving population 
changes, as well as the interactions of weather with 
habitat, will be key to successful conservation of 
migratory birds, especially in the face of continu-
ing climate change (Robinson et al. 2007). The 

challenges for accomplishing this are daunting but 
will be surmounted only by extensive demograph-
ic data from both the breeding and nonbreeding 
ranges, coupled with detailed connectivity data. 
All these data must be analyzed with integrated 
and spatially explicit demographic models, yet to 
be developed.
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Code English common name Scientific Name

AMGO American Goldfinch Spinus tristis
AMRE American Redstart Setophaga ruticilla
AMRO American Robin Turdus migratorius
ATFL Ash-throated Flycatcher Myiarchus cinerascens
BARS Barn Swallow Hirundo rustica
BCCH Black-capped Chickadee Poecile atricapillus
BEVI Bell’s Vireo Vireo bellii
BEWR Bewick’s Wren Thryomanes bewickii
BHCO Brown-headed Cowbird Molothrus ater
BHGR Black-headed Grosbeak Pheucticus 

melanocephalus
BLPH Black Phoebe Sayornis nigricans
BOCH Boreal Chickadee Poecile hudsonicus
BRCR Brown Creeper Certhia americana
BUOR Bullock’s Oriole Icterus bullockii
BUSH Bushtit Psaltriparus minimus
CALT California Towhee Melozone crissalis
CATH California Thrasher Toxostoma redivivum
CAVI Cassin’s Vireo Vireo cassinii
CBCH Chestnut-backed 

Chickadee
Poecile rufescens

CHSP Chipping Sparrow Spizella passerina
COYE Common Yellowthroat Geothlypis trichas
DEJU Dark-eyed Junco Junco hyemalis
DOWO Downy Woodpecker Picoides pubescens
DUFL Dusky Flycatcher Empidonax oberholseri
EAKI Eastern Kingbird Tyrannus tyrannus
FOSP Fox Sparrow Passerella iliaca
GCKI Golden-crowned Kinglet Regulus satrapa
GRAJ Gray Jay Perisoreus canadensis
GRCA Gray Catbird Dumetella carolinensis
GTTO Green-tailed Towhee Pipilo chlorurus
HAFL Hammond’s Flycatcher Empidonax hammondii
HAWO Hairy Woodpecker Picoides villosus
HETH Hermit Thrush Catharus guttatus
HEWA Hermit Warbler Setophaga occidentalis
HOFI House Finch Haemorhous mexicanus
HOWR House Wren Troglodytes aedon
HUVI Hutton’s Vireo Vireo huttoni
LAZB Lazuli Bunting Passerina amoena
LEFL Least Flycatcher Empidonax minimus
LEGO Lesser Goldfinch Spinus psaltria
LISP Lincoln’s Sparrow Melospiza lincolnii
LUWA Lucy’s Warbler Oreothlypis luciae
MGWA MacGillivray’s Warbler Geothlypis tolmiei
MOCH Mountain Chickadee Poecile gambeli
NAWA Nashville Warbler Oreothlypis ruficapilla

Code English common name Scientific Name

NOFL Northern Flicker Colaptes auratus
NOWA Northern Waterthrush Parkesia noveboracensis
NRWS Northern Rough-winged 

Swallow
Stelgidopteryx 

serripennis
NUWO Nuttall’s Woodpecker Picoides nuttallii
OATI Oak Titmouse Baeolophus inornatus
OCWA Orange-crowned Warbler Oreothlypis celata
OSFL Olive-sided Flycatcher Contopus cooperi
PAWR Pacific Wren Troglodytes pacificus
PIGR Pine Grosbeak Pinicola enucleator
PLVI Plumbeous Vireo Vireo plumbeus
PUFI Purple Finch Haemorhous purpureus
RBNU Red-breasted Nuthatch Sitta canadensis
RBSA Red-breasted Sapsucker Sphyrapicus ruber
RCKI Ruby-crowned Kinglet Regulus calendula
REVI Red-eyed Vireo Vireo olivaceus
RNSA Red-naped Sapsucker Sphyrapicus nuchalis
RWBL Red-winged Blackbird Agelaius phoeniceus
SAVS Savannah Sparrow Passerculus 

sandwichensis
SOSP Song Sparrow Melospiza melodia
SPTO Spotted Towhee Pipilo maculatus
STJA Steller’s Jay Cyanocitta stelleri
SUTA Summer Tanager Piranga rubra
SWTH Swainson’s Thrush Catharus ustulatus
TOWA Townsend’s Warbler Setophaga townsendi
TRES Tree Swallow Tachycineta bicolor
TRFL “Traill’s” Flycatcher Empidonax alnorum/

traillii
VATH Varied Thrush Ixoreus naevius
VEER Veery Catharus fuscescens
WAVI Warbling Vireo Vireo gilvus
WBNU White-breasted Nuthatch Sitta carolinensis
WCSP White-crowned Sparrow Zonotrichia leucophrys
WEBL Western Bluebird Sialia mexicana
WEFL “Western” Flycatcher Empidonax difficilis/

occidentalis
WESJ “Western” Scrub-Jay Aphelocoma californica/

woodhouseii
WETA Western Tanager Piranga ludoviciana
WEWP Western Wood-Pewee Contopus sordidulus
WIWA Wilson’s Warbler Cardellina pusilla
WREN Wrentit Chamaea fasciata
YBCH Yellow-breasted Chat Icteria virens
YEWA Yellow Warbler Setophaga petechia
YRWA Yellow-rumped Warbler Setophaga coronata

APPendix 1. Four-letter codes, English common names, and scientific names of species addressed in this paper.




