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Abstract. Drought stress is an important consideration for wildlife in arid and semiarid regions
under climate change. Drought can impact plant and animal populations directly, through effects on
their physiology, as well as indirectly through effects on vegetation productivity and resource availability,
and by creating conditions conducive to secondary disturbance, such as wildfire. We implemented a
novel approach to understanding community-level demographic responses of birds and their habitats to
these stressors in the context of climate change at 14 study sites in the Four Corners region of the south-
western United States. A large wildfire affecting three of the sites provided a natural experiment for also
examining fire effects on vegetation and the bird community. We assessed (1) trends in drought and end-
of-century (2071–2100) predicted average drought conditions under mid-range and high greenhouse gas
concentration trajectory scenarios; (2) effects of drought and fire on habitat (vegetation greenness); and
(3) effects of drought and fire on community-level avian productivity and adult apparent survival rates.
Drought has increased and is expected to increase further at our study sites under climate change. Under
spring drought conditions, vegetation greenness and avian productivity declined, while summer drought
appeared to negatively affect adult apparent survival rates. Response to fire was mixed; in the year of
the fire, avian productivity declined, but was higher than normal for several years post-fire. Our results
highlight important links between environmental stressors and avian vital rates that will likely affect
population trajectories in this region under climate change. We suggest that the use and continued devel-
opment of community-level demographic models will provide useful tool for leveraging sparse species-
level data to provide multi-species inferences and inform conservation.

Key words: avian demography; capture–recapture; drought; fire; hierarchical model; MAPS program;
mist-netting; productivity; survival; vital rates.

INTRODUCTION

Anthropogenically caused climate and habitat changes are
expected to cause widespread wildlife population declines,
range shifts, and loss of biodiversity (Bellard et al. 2012).
Approaches to understanding ecological responses to
environmental change have largely been based on models
relating species occurrence or abundance to current environ-
mental conditions and predicting responses under environ-
mental change scenarios (Berry et al. 2002, Pearson and
Dawson 2003, Albright et al. 2009). These models have
yielded important insights and have provided inferences for a
variety of ecological responses, including species distribution
and abundance, richness, and community composition (Hij-
mans and Graham 2006, Stralberg et al. 2009). Nevertheless,
these models lack ecological detail (Mustin et al. 2007) and
demographic mechanisms, by which populations and com-
munities respond to their environment, remain poorly under-
stood (McMahon et al. 2011, Selwood et al. 2015).

Approaches that model responses of demographic rates as
functions of environmental covariates offer an alternative
that may provide a more mechanistic understanding popula-
tion dynamics under environmental change. However, eco-
logical inferences from these models have generally been
restricted to population-level parameters. Demographic
responses at the community level may also be of interest,
but there are currently few examples of multi-species demo-
graphic models in ecology (Lahoz-Monfort et al. 2011,
Lloyd et al. 2014). Development of community-level demo-
graphic models in the context of multi-species monitoring
efforts, where there are typically insufficient data for devel-
oping models of individual species, offers the opportunity to
improve our understanding of higher-level ecological
responses to environmental change and provide greater
insights for conservation planning and adaptation.
Here, we develop community-level models of demographic

rates within a Bayesian hierarchical modeling framework to
understand avian responses to drought and fire in the Four
Corners region of the semiarid southwestern United States.
Precipitation has declined while temperatures have risen in
this region over the past century. These conditions have led to
increased severity and frequency of drought, a trend that is
expected to worsen in the coming decades (Seager et al. 2007,
Diffenbaugh et al. 2008). Drought can depress avian
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abundance and richness at local and regional scales (George
et al. 1992, Albright et al. 2009) and may be an important
driver of demographic rates and population viability (Sel-
wood et al. 2015, Cruz-McDonnell and Wolf 2016). Drought
may affect demographic rates directly through increased mor-
tality or lowered reproductive investment due to dehydration
and physiological stress (Albright et al. 2017) or indirectly
through effects on habitat and food resources (Assal et al.
2016). Drought can also lead to secondary disturbances that
further impact populations, such as fires, insect outbreaks, or
tree mortality events. All of these events are expected to
become larger, more frequent, and more intense under cli-
mate change (Dale et al. 2001, Kolb et al. 2016).
To better understand historical and potential future

effects of drought on habitat and bird communities across
our study region, we leveraged data collected at 14 study
sites as part a large cooperative demographic monitoring
effort, the Monitoring Avian Productivity and Survivorship
(MAPS) program (Saracco et al. 2008) and remote-sensed
habitat (Glenn et al. 2008) and climate (Wang et al. 2016)
data to model relationships among drought, fire, vegetation,
and avian demography. We assessed (1) trends in drought
and end-of-century (2071–2100) predicted average drought
conditions under mid-range and high greenhouse gas con-
centration trajectory scenarios; (2) effects of drought and
fire on habitat (vegetation greenness); and (3) effects of
drought and fire on avian productivity and adult apparent
survival rates.

MATERIALS AND METHODS

Study areas and field methods

Study sites were in two protected areas, Bandelier
National Monument (BNM) and Mesa Verde National Park
(MVNP), and in eight nearby areas (<200 km from park
sites) not currently experiencing major land-use change
(Fig. 1). The eight nearby, relatively undisturbed sites pro-
vide important context, monitoring, and management
opportunities for understanding population and community
responses to environmental change (Baron et al. 2009, Mon-
z�on et al. 2011). We operated three mist-netting stations in
BNM and three stations in MVNP during the breeding sea-
sons (May–August) of 2010–2015 according to protocols of
the MAPS program (DeSante et al. 2004, DeSante and
Kaschube 2009). The additional eight MAPS stations fol-
lowed the same operating protocols for varying numbers of
years between 1998 and 2015 (Appendix S1). Stations
spanned a gradient of montane woodland, meadow, and for-
est habitats of the southern Rockies and Colorado Plateau
of the United States. Habitats at all but the BNM stations
were relatively stable throughout the years they were oper-
ated. In contrast, the BNM stations were subject to large-
scale habitat change when impacted by the Las Conchas fire
starting in late June 2011.
Each mist-netting station consisted of 10–13 12 9 2.5 m,

30-mm mesh, four-tier nylon mist nets operated within the
central 8 ha of an approximately 20-ha sampling area. With
few exceptions, nets were opened for approximately 6 h
(beginning at about local sunrise) once per 10-d sampling
period between 9 May and 6 August (8–10 sampling days

per station per year). Mist-netting stations at MVNP were
limited to 4 h per day for the safety of the birds because
morning temperatures increase rapidly in the pinyon–juniper
habitats where these stations were located. With few excep-
tions, we identified all birds captured in mist nets to species,
age (young, hatching year; adult, after hatching year), and
sex (based on Pyle 1997) and banded them with U.S. Geo-
logical Survey numbered aluminum leg bands. We recorded
band numbers of all recaptures. This research was con-
ducted in compliance with Guidelines to the use of wild birds
in research (Fair et al. 2010), and all required permits were
obtained by the authors and collaborators in the MAPS
program.

Climate and vegetation data

We characterized drought conditions using Hargreave’s
climate moisture deficit (CMD; Wang et al. 2012), a derived
variable in the ClimateNA data base (available online).7

ClimateNA uses bilinear interpolation of monthly gridded
climate data and local elevation adjustments to provide
“scale-free” climate metrics for individual points (Wang
et al. 2016). CMD was calculated as the monthly summed
difference between atmospheric evaporative demand (Eref;
Hargreaves and Samani 1982) and precipitation. We

FIG. 1. Locations of Monitoring Avian Productivity and Sur-
vivorship (MAPS) stations included in the analysis. Stations in Ban-
delier National Monument (New Mexico, USA) and Mesa Verde
National Park (Colorado, USA) are indicated with green circles.
Additional stations used in the analysis within 200 km of these sites
in Utah, Colorado, and New Mexico are indicated with gray circles.
Symbols are scaled by sample size (total year-unique captures). See
Appendix S1: Table S1 for additional detail.

7https://sites.ualberta.ca/~ahamann/data/climatena.html
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extracted spring (March–May) and summer (June–August)
CMD values for the 14 MAPS stations for all years available
in the ClimateNA data base (1902–2015), for the years
1981–2010 to compute reference values, and for expected
CMD values for 2071–2100 based on model-averaged pre-
dictions from 15 atmosphere–ocean global climate models
(AOGCMs) of the Climate Model Intercomparison Project
(Knutti et al. 2013, IPCC 2014). For the future time period
(2071–2100), we considered two greenhouse gas concentra-
tion trajectory scenarios (Representative Concentration
Pathways [RCPs]; Taylor et al. 2012, IPCC, 2014), RCP 4.5
and RCP 8.5. Under RCP 4.5, considered a mid-range emis-
sions reductions scenario, greenhouse gas emissions peak
around 2040 and then decline, while under RCP 8.5, a high-
emissions scenario, emissions continue to rise throughout
the 21st century.
Because our stations spanned a variety of habitat types

and we were primarily interested in assessing climate effects
on vital rates, rather than habitat effects, we calculated
CMD covariates as deviations from 1981–2010 reference
values for both spring (CMDsp.dev) and summer
(CMDsm.dev).
One way in which drought is expected to affect bird

habitat is through limiting the amount of vegetation
growth in spring and summer. To better understand the
relationship between spring and summer CMD deviations
(CMDsp.dev and CMDsm.dev) and vegetation greenness,
we used Enhanced Vegetation Index (EVI) data from the
Moderate Resolution Imaging Spectroradiometer
(MODIS) instrument of NASA’s Terra satellite summa-
rized at 0.25-km resolution (MODIS product MOD13Q1;
EVI data available online).8 EVI is a composite metric that
incorporates structural and seasonal components of vege-
tation greenness, including primary productivity (leaf
chlorophyll content), leaf area, canopy cover, and vegeta-
tion complexity (Glenn et al. 2008, Potithepa et al. 2010).
We extracted interpolated bimonthly EVI values averaged
over the 81 pixels within 1 km of station coordinates using
the MODISSubsets function of the R package MODIS-
Tools (Tuck et al. 2014). To relate EVI to the spring
CMD deviation (CMDsp.dev), we created a spring EVI
deviation response variable, EVIsp.dev, by averaging EVI
for each station across dates corresponding to 24 May and
9 June of each year from 2000 to 2015 (the entire
MODIS-EVI time series) and then subtracting these year-
specific values from the station average EVI values for
these dates across all years. We calculated an analogous
EVI deviation value for summer (EVIsm.dev) using EVI
dates of 11 and 27 July.

Statistical analyses

Historical trends in drought.—We implemented regressions
of spring and summer drought deviations as linear functions
of year to infer historical trends in drought. Autocorrelo-
grams suggested no significant temporal autocorrelation in
drought deviations for any station; thus, we assumed
independence of residuals in the standard linear regression
context.

Drought and fire effects on vegetation greenness.—We exam-
ined relationships between drought and fire and vegetation
greenness deviations with linear mixed effects models. We
regressed EVI deviations (EVIsp.devj,t and EVIsm.devj,t,
where j indexes station and t indexes year) on standardized
CMD deviation covariates (CMDsp.devj,t and CMDsm.devj,t)
and covariates representing initial fire impact (firej,t; where
firej,t is a 0–1 indicator variable denoting post-fire years at the
BNM stations) and linear trend in fire effect in the years fol-
lowing the fire (fire.trj; is a linear year effect following the fire
at the BNM stations). We allowed intercepts and slopes to
vary randomly by station

EVIsp.devj;t ¼ b0; j þ b1; j � CMDsp.devj;t þ b2; j

� firej þ b3; j � fire.trj;t þ ej

and

EVIsm.devj;t ¼ b0; j þ b1; j � CMDsm.devj;t þ b2; j

� firej þ b3; j � fire.trj;t þ ej :

Drought and fire effects on avian productivity.—We imple-
mented a multi-species generalized linear mixed effects
model to examine the relationship between drought and
avian productivity. We included 51 species with ≥50 yr-
unique (i.e., individual 9 year) captures in the analysis
(Appendix S3: Table S1). We modeled the probability of a
captured bird (indexed by i) being a young (hatching year)
bird (p[Yi,j,s,t]) as a logit-linear function of a random species
intercept (b0,s), spring drought (b1,s 9 CMDsp.devj,t), initial
impact of the fire at the BNM sites (b2 9 fire.1j,t), post-fire
year effects at the BNM sites (b3,s 9 firej,t), post-fire trend
(b4,s 9 fire.trj,t, where fire.trj,t is a linear year effect follow-
ing the fire at the BNM stations), and random station-scale
error (ej)

logitðp½Yi; j;s;t�Þ ¼ b0;s þ b1;s � CMDsp.devj;t þ b2

� fire:1j;t þ b3;s � firej;t þ b4;s � fire.trj;t þ ej :

Drought and fire effects on avian survival.—We implemented
a multi-species version of a Cormack-Jolly-Seber (CJS)
model allowing for transients in the data set (Saracco et al.
2010) to model adult apparent survival rates. For the CJS
model, we included adult (after hatching year) capture his-
tory data for a reduced set of 29 species with ≥5 between-year
recaptures at 13 stations with ≥2 yr of data (Appendix S3:
Table S2). For the survival component of the model, we
defined a logit-linear model allowing survival probability,
/i,j,s,t to vary as a function of a random species intercept
(logit(/0,s)), summer drought (b1,s 9 CMDsm.devj,t), initial
fire impact over the interval between the summer of the
BNM fire and the following summer (b2 9 firej,2011), and
zero-mean random station 9 species error (e/j;s)

logitð/i; j;s;tÞ ¼ logitð/0;sÞ þ b1;s � CMDsm.devj;t

þ b2 � firej;2011 þ e/j;s:

Recapture data were too sparse to support species-specific
fire effects or additional fire covariates. In addition to the8 http://terra.nasa.gov/
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model for survival, the CJS model requires sub-models for
two nuisance parameters, probability of predetermining a
resident, q, and recapture probability, p, as well as an addi-
tional parameter, p, representing the probability of a newly
marked bird in the sample being a resident individual. We
allowed each of these parameters to vary by species but
added no additional constraints. For p, we included an addi-
tional zero-mean random station 9 species effect, epj;s, anal-
ogous to that which we included in the survival model.
Note that for our multi-species avian productivity and

survival models, we assumed a general model structure that
allowed all intercepts and covariate relationships to vary by
species, except for initial fire effects on productivity in the
year of the Las Conchas fire (which we assumed would be
similarly negative among species) and for the fire interval
effect on survival (for which species-level recapture data
were sparse). These model structures represented what we
viewed as the most parsimonious representation of our
hypotheses, given the data available. For all models, we
assumed bs to be distributed according to Normðlb;r2

bÞ. We
used vague prior distributions for hyperparameters of the
model random effects. For the CJS model, we used U(0, 1)
prior probabilities for the predetermined residency and resi-
dency parameters (qs and ps) as well as for recapture and
survival probability intercepts on inverse-logit scale (i.e., on
the scale of the real parameters). We implemented models in
JAGS (Plummer 2003) using the jagsUI package (Kell-
ner 2015) in R (R Core Team 2015). We obtained posterior
distributions by sampling the full conditional distributions
using Markov chain Monte Carlo (MCMC) methods (Gilks
et al. 1996) as implemented in JAGS (Plummer 2003). Poste-
riors were based on four chains of 30,000 iterations after dis-
carding the first 10,000 iterations and thinning by three.

RESULTS

Moisture deficit conditions have tended to increase over
the past century (1902–2015; Appendix S2), were high dur-
ing the study period (1998–2015) relative to the 1981–2000
reference values (mean CMDsp.dev and CMDsm.dev all >0)
and are expected to increase further for the 14 study areas
under climate change regardless of the emissions reduction
scenario used (Fig. 2). Annual drought conditions were sig-
nificant predictors of relative vegetation greenness (devia-
tions in the enhanced vegetation index (EVI) in both spring
(l̂b1 = �0.009; 95% credible interval: �0.013, �0.006;
Fig. 3A) and summer (l̂b1 = �0.006; 95% credible interval:
�0.009, �0.002; Fig. 3B). In addition, vegetation greenness
sharply declined in spring from the previous year following
the Las Conchas fire at BNM sites (b̂2 = �0.083; 95% credi-
ble interval: �0.112, �0.054; Fig. 3C), and in the summer of
the fire (b̂2 = �0.197; 95% credible interval: �0.227,
�0.167; Fig. 3D). Vegetation greenness has since increased
in both spring (b̂2 = 0.009; 95% credible interval: 0.003,
0.116) and summer (b̂2 = 0.041; 95% credible interval:
0.033, 0.048). Estimated spring EVI levels were still slightly
low compared to pre-fire values (mean = 0.003; 95% credi-
ble interval: �0.109, �0.051 pre-fire vs. mean = �0.023;
95% credible interval �0.044, �0.001 in 2015), while sum-
mer EVI estimates exceeded those observed prior to the Las
Conchas fire by the end of the study (mean = 0.004; 95%

credible interval: 0.002, 0.010 pre-fire vs. mean = 0.040; 95%
credible interval 0.016, 0.065 in 2015).
Avian productivity declined as a function of relative

spring drought severity (l̂b1 = �0.298; 95% credible inter-
val: �0.421, �0.173; Fig. 4A; Appendix S3: Table S1).
Model predictions suggest that average avian productivity
might decline by 16% (RCP 4.5) to 33% (RCP 8.5) by the
end of the century under climate change. Bird species show-
ing the strongest negative effects of drought on productivity
included a nectarivore (Bullock’s Oriole), ground foragers
(American Robin, Song Sparrow), and an insectivore
(Ruby-crowned Kinglet; all with b̂1 < 0.6). Among bird spe-
cies with productivity apparently least affected by drought
(b̂1 > 0) were species that fed on conifer seeds (Mountain

FIG. 2. Drought conditions in (A) spring (March–May) and (B)
summer (June–August) at MAPS sites on the Colorado Plateau.
Drought conditions are presented as deviations from 1981–2000 ref-
erence values of Hargreaves climatic moisture deficit derived from the
ClimateNA data set (http://www.climatewna.com) for annual mean
values from the current period during which MAPS stations were
operated (1998–2015; light blue) and for predicted mean values for
2071–2100 under two greenhouse gas emission scenarios, RCP 4.5
(medium blue) and RCP 8.5 (dark blue). Boxplots delineate medians
(mid line), quartile limits (upper and lower box edges), 1.5 9 inter-
quartile range (IQR; whiskers) and outliers (>1.5 9 IQR; points).
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Chickadee, House Finch) and several warbler species
(Orange-crowned Warbler, MacGillivray’s Warbler, and
Wilson’s Warbler).
We found effects of fire at BNM both in the year of its

occurrence and for several seasons afterward (Fig. 4B;
Appendix S3: Table S1). After initial decline in avian pro-
ductivity in the year of the Las Conchas fire (b̂2 = �1.847;
95% credible interval: �3.364, �0.645), productivity
increased sharply in the following year (l̂b3 = 1.962; 95%
credible interval: 0.338, 2.628), then gradually declined
(l̂b4 = �0.522; 95% credible interval: �0.737, �0.296) to
near the pre-fire mean by the fourth year post-fire (Fig. 4B).
The increase in avian productivity in the year following the
fire was consistently strong among species, ranging from
b̂3 = 1.04 (95% credible interval: �0.43, 2.30) for American
Robin to a high of b̂3 = 2.78 (95% credible interval: 2.02,
3.60) for Chipping Sparrow. The decline following this post-
fire pulse in avian productivity was also relatively consistent
among species ranging from b̂3 = �0.31 (95% credible inter-
val: �0.67, 0.20) for Mountain Chickadee to a relatively
steep decline for Pine Siskin b̂3 = �0.83 (95% credible inter-
val: �1.55, �0.40) (Appendix S3: Table S1).
Estimates of adult apparent survival probability were rela-

tively consistent among species, averaging 0.51 (95% credible

interval: 0.33, 0.68), and ranging from a low of /̂0;s = 0.42
(95% credible interval: 0.26, 0.59) for Bushtit to a high of
/̂0;s = 0.58 (95% credible interval: 0.42, 0.73) for Ash-
throated Flycatcher (Appendix S3: Table S2). As for produc-
tivity, mean adult apparent survival rates also appeared to
depend on drought conditions (l̂b1 = �0.233; 95% credible
interval: �0.452, �0.022; Fig. 5A). These results suggest
that average adult apparent survival would decline by about
7% (RCP 4.5) to 16% (RCP 8.5) due to climate change.
Negative effects of drought on survival were relatively strong
for several resident and short-distance migrant species,
including Gray Vireo, Black-capped Chickadee, House
Wren, Spotted Towhee, and Dark-eyed Junco (Appendix S3:
Table S2). Fire did not appear to affect survival in the year
of the fire (b̂2 = 0.310; 95% credible interval: �0.291, 0.949;
Fig. 5B).

DISCUSSION

Approaches to assessing ecological impacts of anthro-
pogenic change have largely been based on models of distri-
bution or abundance data or on data on the phenology of
life history events (Walther et al. 2002, Miller-Rushing et al.
2010, McMahon et al. 2011, Bellard et al. 2012). Given the

FIG. 3. Relationship between relative drought conditions and vegetation greenness during (A) spring (March–May) and (B) summer
(June–August) and estimated effects of fire on vegetation greenness during (C) spring and (D) summer. Drought conditions in spring
(CMDsp.dev) and summer (CMDsm.dev) are represented as deviations from 1981–2000 reference values of Hargreaves climatic moisture
deficit derived from the ClimateNA data set (http://www.climatewna.com). Vegetation greenness was calculated as annual deviations from
mean 2000–2015 values; EVI, enhanced vegetation index. Fire effects in panels C and D were estimated based on data from the BNM sites
in the year of the Las Conchas Fire (summer only; D), and in years following the fire (Post-fire1, 2, etc.). Gray areas (A and B) and error
bars (C and D) delineate 95% credible intervals.
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typically greater cost in data generation, demographic data
(i.e., data on vital rates, such as productivity, recruitment,
and survival) are available for a relatively small number of
taxa and geographic regions. However, when available, link-
ing such data to environmental change offers a potentially
powerful tool for providing a more mechanistic understand-
ing of how populations and communities respond to chang-
ing environments. Avian monitoring programs based on
capture–recapture methods have been implemented at conti-
nental scales for decades (Robinson et al. 2009) and offer
the opportunity to develop models of demographic
responses to climate and habitat change. Typically, data
from such programs are insufficient for estimating vital rates
at spatial scales of individual study areas or even small clus-
ters of study areas for most species sampled. Our multi-spe-
cies modeling approach allowed us to take advantage of the
relatively sparse data available for individual species and
make broader inferences about community demographic
responses to environmental covariates (Ovaskainen and
Soininen 2011). Such models have so far received little atten-
tion in ecology (Lahoz-Monfort et al. 2011, Lloyd et al.
2014), but with the advent of Markov chain Monte Carlo
methods for estimating parameters of these models in a hier-
archical modeling framework, these models have become an
approachable avenue for developing community-level demo-
graphic models (K�ery and Schaub 2011, K�ery and Royle
2016). A core assumption of our model is a unimodal

response of species’ demographic rates to covariates.
Although this assumption my not always be reasonable, we
believe that it is an accurate portrayal of the avian communi-
ties represented here.
We showed that early spring drought conditions in the

Four Corners region of the southwestern United States
influence vegetation greenness later in spring when most
birds initiate breeding activities. In drier years with lower
vegetation greenness, community avian productivity was
comparatively low. This provides context for other studies
that have reported negative drought effects on avian pro-
ductivity of individual species at local scales (George et al.
1992, Cruz-McDonnell and Wolf 2016) and effects of
drought on community-level metrics, such as declines in
abundance or species richness and changes in community
composition at landscape and regional scales (Smith 1982,
Albright et al. 2009). We found the strongest negative
effects of drought for the nectarivorous Bullock’s Oriole
and the most positive effects on Mountain Chickadee and
House Finch. This is consistent with Smith (1982) who
found nectarivores to disappear completely during a
drought year and positive responses of granivores to
increased cone crops following drought in subalpine habi-
tats of Utah and Idaho.
Drought conditions later in summer also appeared to have

negatively affected apparent survival rates of adult birds.
This was interesting given that survival of many migrant

FIG. 4. Relationship between avian productivity, p̂ðYÞ, and (A)
spring drought conditions (CMDsp.dev) and (B) fire disturbance.
Dashed lines (A) and error bars (B) delineate 95% credible intervals.
Ranges of average current (light blue) and future (medium blue [4.5]
and dark blue [8.5]) drought conditions are indicated in panel A to
provide perspective on how average productivity may be expected to
change under average future conditions (see Fig. 2). Fire effects
were estimated based on data from the BNM sites following the Las
Conchas Fire in June 2011. Postfire 1, 2, etc. in panel B indicate
years since the Las Conchas Fire.

FIG. 5. (A) Relationship between adult apparent survival proba-
bilities and summer drought conditions (CMDsm.dev) and (B) esti-
mated mean adult apparent survival probabilities (� 95% credible
intervals) during non-fire and fire intervals. The solid line in panel
A shows mean predictions; dashed lines indicate 95% credible inter-
vals. Ranges of average current (light blue) and future (medium blue
[RCP 4.5] and dark blue [RCP 8.5]) drought conditions are included
in A to provide perspective on how average survival may be
expected to change under average future conditions (see Fig. 2).
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songbirds is generally thought to be driven largely by non-
breeding season conditions (Sillett et al. 2000, Faaborg
et al. 2010). However, it should be noted that individual spe-
cies drought effects showed low precision and all had 95%
credible intervals that overlapped zero. Low precision may
have been due in part to relatively few between-year recap-
tures and low recapture probability (mean ~ 0.25) but also
potentially to heterogeneity among individuals of each spe-
cies in responses to drought. In addition, species that
showed strongest effects of summer drought on survival
were residents or short-distance migrants that may have
been affected by regional climate patterns that were similar
between breeding and wintering areas and across seasons.
Despite variability in bird communities, habitats, and

local climate conditions among study sites, we were able to
detect a common signal in the responses of vegetation green-
ness and avian demography to climate variation. We suggest
that this common signal reflects such processes as early
spring precipitation determining levels of understory
growth, which in turn can affect availability of potential nest
sites as well as food resources. Nevertheless, habitat varia-
tion may also play an important role in how resilient sites
are to variable climate conditions. For example, sites domi-
nated by Utah juniper (Juniperus osteosperma) may be
expected to be more heavily impacted by depressed summer
precipitation than mixed conifer sites, due to the relatively
shallow root system of that species. We suggest that identifi-
cation of habitat features that mitigate against potential neg-
ative consequences of drought on ecological communities
should be a priority for future research.
The Las Conchas fire at the BNM study sites allowed us

to also incorporate fire effects into our demographic models.
Although avian productivity was very low in the year of the
fire, it spiked in the following year and remained relatively
high until the fourth year post-fire (Fig. 4A). The positive
effect of fire on overall avian productivity in the initial years
following fire may have resulted from enhanced understory
growth and food resources in those initial years (Bock and
Block 2005). It should be noted, however, that the Las Con-
chas fire in the area of the BNM study sites was not an
intense stand-replacing event. Thus the habitat and avian
community remained relatively intact. Wildfires of higher
intensity could have changed the habitat structure of these
sites much more dramatically. Although a variety of studies
have assessed responses of avian abundance or occupancy to
fire, we are unaware of studies linking avian productivity to
fire. Furthermore, despite the importance of fire in shaping
historical Southwestern ecosystems, there are relatively few
data available for assessing avian responses to this distur-
bance type (Bock and Block 2005, Dickson et al. 2009,
Kalies et al. 2010). The need for better information on
drought and secondary disturbances, such as fire, is critical
given the likely increased role these factors will play in shap-
ing vegetation and wildlife habitat in the coming decades
due to climate change (Seager et al. 2007, Diffenbaugh et al.
2008).
By taking advantage of remote-sensed vegetation data

and a multi-site, multi-species monitoring data set that
spanned a range of drought conditions and included a natu-
ral fire disturbance, we gained insight into how these factors
can change the state and trajectory of habitats and the vital

rates of the bird community that depends on them. For our
multi-species demographic models, we only considered a sin-
gle representation of covariate effects on affect responses
that reflected our initial hypotheses about drought and fire
effects on demographic rates. However, we suggest that addi-
tional development of these methods in a multi-hypothesis
model-selection framework would further broaden the
potential of these models. In addition, these applications
can be developed further in the context of predicting average
population changes for groups of species based on vital rate-
environment relationships under different management or
climate change scenarios. Applications such as this thus pro-
vide important additional suite of metrics for guiding wild-
life management in the context of future environmental
change.
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