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D   century (1906–2005), mean global temperature change (Sanz 2002, Winkler et al. 2002, Crick 2004, Both
has risen ∼0.74◦ C (Intergovernmental Panel on Climate Change et al. 2006, Rodenhouse et al. 2008). To meet the challenges of
[IPCC] 2007). Ecologists suspect
understanding and communicatthat this temperature change has
ing the eﬀects that climate change
inﬂuenced the phenology and
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“To meet the challenges of understanding
distribution of many organisms
is imperative that ornithologists
(Walther et al. 2002, Root et al.
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and communicating the effects that
2003, Parmesan 2007), yet the
a working knowledge of climate
climate change will have on bird
magnitude of these ecological
models, emissions scenarios, and
changes may be relatively minor
the capabilities and limitations of
populations, it is imperative that
compared with those in future
climate projections.
years. Climatologists predict
Various
authors
have
ornithologists begin to develop and
that global temperatures will
reviewed the eﬀects of climate
maintain a working knowledge of climate
increase by as much as 1.1–6.4◦ C
change
on
birds
(Crick
during the next century (Duﬀy
2004, Chambers et al. 2005,
models, emissions scenarios, and the
et al. 2006, IPCC 2007). In
Wormworth and Mallon 2006)
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and discussed methods of
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and timing of precipitation, the
incorporating climate change
projections.”
frequency of extreme weather
into demographic modeling
events, and sea level are expected
(Sæther et al. 2004, Ådahl
(Hayhoe et al. 2004, IPCC 2007).
et al. 2006). Here, we provide
All of these changes are likely to aﬀect ecological processes and an introduction to climate models and demonstrate how
the distribution, abundance, and persistence of many organisms collaborations with climatologists can contribute to ornithology.
(Hannah et al. 2002, McLaughlin et al. 2002, Root and Schneider To provide a context for the use of climate models in ornithology,
2006). As a result, ornithologists are increasingly concerned we begin by brieﬂy describing three general approaches used to
with understanding the response of bird populations to climate understand how climate change has already inﬂuenced, or will
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inﬂuence, bird populations. We then review basic information
on climate models, emissions scenarios, and issues associated
with linking large-scale climate projections to the local scale at
which many ornithological studies are conducted. To illustrate
how climate models and weather-related avian research can be
integrated, we have combined climate model projections for
central coastal California with published data from that region
on reproductive success of Song Sparrows (Melospiza melodia).
We conclude by discussing approaches and recommendations for
integrating climate models with avian ecology.

A PPROACHES TO U NDERSTANDING E FFECTS OF C LIMATE
C HANGE ON B IRD P OPULATIONS
Ecologists have generally taken one of three approaches to understanding the ecological eﬀects of climate change. The ﬁrst is to
document changes in phenology or distribution that are consistent
with long-term changes in climatic conditions (Parmesan and Yohe
2003, Root et al. 2003, Parmesan 2007). The hypothesis that avian
phenology and distribution are being inﬂuenced by climate change
is supported by shifts in migration timing (Butler 2003, MurphyKlassen et al. 2005, MacMynowski et al. 2007) and initiation of
breeding (Crick and Sparks 1999, Dunn and Winkler 1999) and
changes in elevational (Pounds et al. 1999, Peh 2007) and latitudinal
distributions (Thomas and Lennon 1999, Hitch and Leberg 2007,
La Sorte and Thompson 2007). However, the extent to which these
changes can be attributed solely to climate change may be complicated by changes in land use or avian population size that have
occurred over the same period (Tryjanowski and Sparks 2001).
A second approach uses distribution modeling to predict how
future climatic conditions may aﬀect distributions of animals and
plants (Guisan and Zimmermann 2000, Beaumont et al. 2007).
With this approach, ecologists have used historical distribution
data to predict the occurrence of a species as a function of
climatic, land-use, or habitat variables and then evaluated changes
in distribution predicted under future climate scenarios (Peterson
et al. 2002, Kueppers et al. 2005, Jetz et al. 2007). Application
of these models to bird communities has suggested that climate
change may have profound eﬀects, such as the loss of ≤20%
of manakin (Pipridae) species in South America (Anciães and
Peterson 2006), a decrease in the species richness and geographic
range of birds in Europe and Africa (Huntley et al. 2006), and large
changes in bird community composition in northeastern North
America (Rodenhouse et al. 2008). However, the accuracy of
these models rests on a number of simplifying assumptions, most
notably omitting the eﬀects of species interactions on patterns
of distribution while assuming that future climate–distribution
relationships will be the same as those observed today (Davis et al.
1998, Guisan and Thuiller 2005, Heikkinen et al. 2006, Ibanez
et al. 2006). In addition, because these models are generally used
to describe species distributions at a relatively coarse spatial scale,
they may be of limited use for understanding changes at the ﬁner
spatial scale at which many management decisions are made.
A third approach is based on understanding the underlying
demographic mechanisms through which climate change inﬂuences population dynamics (Root and Schneider 1993, Sæther et al.
2004, Ibanez et al. 2006). Ornithology has an established history of
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describing weather-related eﬀects on avian demography. Although
“weather” and “climate” are sometimes used interchangeably, here
we use “weather” to refer to the state of the Earth’s atmosphere
at a given point in time (e.g., day, month, or year) and “climate”
to refer to long-term (>30 years) characteristics of weather. Ornithologists interested in weather-related research have typically
described relationships between variation in local weather (e.g.,
annual rainfall, winter temperatures) or large-scale indices (e.g., El
Niño–Southern Oscillation [ENSO]) and variation in demographic
parameters such as fecundity (Sillett et al. 2000, Chase et al. 2005,
Lehikoinen et al. 2006), survival (Peach et al. 1991, Robinson
et al. 2007), and breeding phenology (Frederiksen et al. 2004).
Evaluating how, when, or whether these relationships will be
important for understanding climate change requires that the
results of such studies be interpreted in the context of climate
projections. This approach has already been applied to birds in
investigating the demographic consequences of climate change for
Pied Flycatchers (Ficedula hypoleuca; Sanz 2003, Both et al. 2006)
and European Dippers (Cinclus cinclus; Sæther and Bakke 2000).
The latter two approaches rely on projections of future
climatic conditions. In the following section, we provide an
introduction to climate models that we hope will serve as a
utilitarian introduction for ornithologists interested in learning
more about climate models and applying them to their research.

E MISSIONS S CENARIOS

AND

G LOBAL C IRCULATION M ODELS

Climate forcings are natural and anthropogenic factors that inﬂuence the Earth’s climate (IPCC 2007). Important anthropogenic
forcings include “greenhouse” gases and patterns of land use
(Stott et al. 2000). To project future climate, climate modelers use
emissions scenarios that describe how forcings will change over
time. The IPCC has generated 40 emissions scenarios that are
grouped into families representing common themes. Nakićenović
and Stewart (2000) presented four families of scenarios (identiﬁed
as A1, A2, B1, and B2) used to describe future patterns of human
population growth, energy-technology development, and landuse patterns. The A scenarios are based on a future in which
energy technology and population size change, but with little
eﬀort to reduce greenhouse-gas emissions. The A1 scenario describes rapid economic growth, relatively low population growth,
and economic convergence among the regions of the world. By
contrast, the A2 scenario describes rapid population growth and
unequally distributed resources. The B scenarios describe a future
in which economic, social, and environmental sustainability are
emphasized. The B1 scenario describes global eﬀorts to achieve
sustainability and reduce emissions, whereas the B2 scenario
depicts local developments in technology and regulation that
promote sustainability. The A1 and B1 scenarios have been used to
bracket the most (A1) and least (B1) extreme increases in anthropogenic climate-forcing (Hayhoe et al. 2004). As a tool for decision
making, emissions scenarios are important for understanding how
particular emissions policies may inﬂuence the future climate.
Mismatches between emissions scenarios and future conditions
are a source of uncertainty for this forecasting tool—already, CO2
concentrations are above the levels projected in the most extreme
scenario (A1) developed in the late 1990s (Raupach et al. 2007).
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Emissions scenarios are used as inputs for global circulation
models (GCM), which are at the core of most climate projections
(IPCC 2007). Atmospheric global circulation models (AGCM)
describe the dynamics of air pressure, velocity, temperature, and
water vapor. Oceanic global circulation models (OGCM) provide
a complementary description of sea surface temperatures, ocean
currents, and sea ice. Because atmospheric processes and ocean
conditions are interdependent, many climate models (e.g., the
HadCM3 model and GFDL CM2.X model) are coupled atmospheric and oceanic global circulation models (AOGCM).
Understanding the sources of uncertainty in climate-model
projections remains an area of rapid development (Déqué et al.
2007). In addition to uncertainty about which emissions scenario
will best describe future conditions, climate projections are uncertain because diﬀerent GCMs generate diﬀerent projections (model
uncertainty) and because estimates of projected climate change are
based on a ﬁnite sample of observations (sampling uncertainty)
(Déqué et al. 2007). By summarizing the results of multiple models
or multiple runs of the same model, forecasters can incorporate
model and sampling uncertainty into model projections (Crossley
et al. 2000, Giorgi and Francisco 2000). Thus, climate model
projections may represent the results of a single model, scenario,
or run, or the aggregated results from multiple models, runs, and
scenarios that are referred to as “ensembles.”

S TATISTICAL D OWNSCALING

AND

R EGIONAL C LIMATE M ODELS

Application of the results of AOGCMs to many ecological
questions may be limited by their relatively coarse spatial
resolution: AOGCM grid cells often span hundreds of kilometers.
At this scale, a single grid cell for central California could extend
from the coast to the foothills of the Sierra Nevada Mountains.
Because this area is climatically diverse, it is unlikely that a climate
projection at such a coarse spatial scale will be meaningful for
understanding the local ecological eﬀects of climate change. There
are two tools available for expressing AOGCM results at a ﬁner
spatial scale: statistical downscaling and regional climate models.
Statistical downscaling involves the use of a statistical model
to predict local climate on the basis of interactions between
large-scale climate and local physiography (e.g., topography,
water bodies, and land use; von Storch et al. 1993). A statistical
model is developed by using AOGCM simulations of current
climate and local physiography to predict climate measurements
collected at a ﬁner spatial resolution (e.g., those generated from
local weather stations). These statistical relationships can then be
used to downscale AOGCM projections of future climate to local
predictions at ﬁner spatial resolutions. Statistical downscaling is
relatively simple, does not require extensive computing power,
and performs quite well in many cases (Kidson and Thompson
1998, Hayhoe et al. 2007). However, the underlying assumption is
that statistical relationships between large-scale and local climate
today will persist in the future. This assumption may not be valid if
changes in local climate-forcings occur (Root and Schneider 2006).
Regional climate modeling (RCM; also referred to as “dynamical downscaling”) is an alternative to statistical downscaling.
Like GCMs, RCMs are mathematical descriptions of the physical
processes that drive climatic conditions (Giorgi and Mearns 1991).
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Regional climate models are nested within larger AOGCMs that
provide the information for the boundary conditions of the
former; the RCMs, in turn, produce climate information on a grid
size that can be as small as 5 km (Giorgi 2006, Liang et al. 2006).
An advantage of RCMs is that they may be better able to predict
future climatic conditions than statistical downscaling when the
historical relationship between large-scale and local-scale climate
is disrupted by the dynamics of local-scale climate-forcing (Vrac
et al. 2007). A disadvantage is that, because of their complexity,
RCMs require a substantial investment of computing power and
time. Regional climate models and statistical downscaling both
continue to be widely used, and the relative performance of each
remains an area of active research (Murphy 1999, Busuioc et al.
2006, Fowler et al. 2007).

A N E XAMPLE

OF THE

P ROCESS

To illustrate how climate model projections can be integrated
with weather-related studies of avian demography, we will use
results from a long-term avian demography study in central
coastal California as an example. Since 1966, PRBO Conservation
Science has collected avian demographic data at the Palomarin
Field Station in Point Reyes National Seashore north of San
Francisco, California (Fig. 1). At Palomarin, the seasonal fecundity
(total number of ﬂedglings produced per female per year) of Song
Sparrows was positively correlated with total bioyear (July to June)
precipitation (Chase et al. 2005). This relationship provides the
basis for evaluating the potential eﬀects of climate change on the
reproductive success of Song Sparrows.
We obtained current and future climate data for Palomarin from the Worldclim database (see Acknowledgments). This
database includes information on current global climate based on
data collected from 1950 to 2000 and interpolated to a resolution
grid of 2.5 arc min (∼5-km2 grid cells at the equator, and smaller
cells elsewhere) using information on latitude, longitude, and
elevation (Hijmans et al. 2005). Also available at this site are climate
projections for the year 2100, generated using the National Center
for Atmospheric Research’s Community Climate Model (NCAR
CCM3), a GCM model, and prescribed sea-surface temperatures
simulated independently with a second model (Govindasamy
et al. 2003). The projection is based on an emissions scenario
that speciﬁed a doubling of CO2 and concurrent increases in
other greenhouse gases by 2100. This relatively simple scenario,
sometimes referred to as a “business as usual” (BAU) scenario, was
commonly used before the current IPCC scenarios were developed
(Dai et al. 2001a). This BAU scenario is roughly equivalent to the
average of the current IPCC scenario families (Dai et al. 2001b).
The model was run on a resolution grid of 2.8 arc degrees (∼75km2 grid cells at the equator, and smaller cells elsewhere), and the
results were statistically downscaled to a 2.5-min resolution grid
that matches the resolution for the historical climate. As noted
by the authors (Govindasamy et al. 2003), this climate projection
model is relatively simple, in that it is based on only a single GCM
and uses prescribed, rather than dynamically coupled, sea surface
temperatures.
One of the challenges of integrating climate models with local
avian demography is meshing spatial and temporal metrics from

4

— P ERSPECTIVES

IN

O RNITHOLOGY —

A UK , V OL . 125

FIG. 1. Climate maps for Marin County, central coastal California, with historical (1950–2000) average annual precipitation and May–June
temperatures and projected conditions (CCM3 model, 2× CO2 concentrations) for the year 2100.

climate models with the metrics that describe local weather. We
used the Worldclim data on historical and projected climate to
calculate bioyear precipitation and mean May–June temperature.
To calculate total bioyear precipitation, we summed the monthly
precipitation values for the same 12-month period. To calculate
mean May–June temperature, we averaged monthly temperature
for May and June. To verify that climate metrics were comparable
to corresponding weather metrics measured at Palomarin,
we compared the 1950–2000 climate to the annual values
recorded at Palomarin between 1980 and 2000. The long-term
average of these metrics was generally located within the center
of variation of the annual measurements collected at Palomarin
(Fig. 2). On the basis of Worldclim data, annual precipitation for
the Palomarin Field Station area is expected to increase from a
current long-term average of 1,029 mm year–1 to 1,091 mm year–1

in 2100 (Fig. 1). Using these values in the regression equation
presented by Chase et al. (2005; their ﬁg. 3), the long-term average
of seasonal fecundity for female Song Sparrows would increase
from ∼2.55 to ∼2.63 young (4% increase; Fig. 2).
This example illustrates another use of climate models: to
identify situations in which historical weather may provide limited
information about novel combinations of future climatic conditions (Williams and Jackson 2007, Williams et al. 2007). Plotting
annual variation in rainfall and average May–June temperatures at
Palomarin, as calculated by Chase et al. (2005), suggests that these
two variables are correlated: years are generally dry and warm or
wet and cool (Fig. 2). On the basis of Worldclim data, the average
May–June temperature in 2100 at Palomarin is expected to be
substantially warmer (by 2.5◦ C), whereas annual precipitation is
expected to be only slightly higher (62-mm increase), compared
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FIG. 2. Data from Chase et al. (2005) on summer temperature, bioyear
precipitation, and seasonal fecundity (young fledged per female) of Song
Sparrows at Palomarin Field Station in central coastal California between
1980 and 2000. The arrow originates at the mean summer temperature
and bioyear precipitation values for the period from 1950 to 2000 and
terminates at the values that correspond to the projected climate in 2100
based on data available in the Worldclim database (see text for details).
The shaded circles represent the predicted seasonal fecundity for the
current and future climate based on the regression line presented by
Chase et al. (2005).

with current conditions (Fig. 1). Such a change would shift climatic
conditions outside the range of historical variation (Fig. 2), such
that future weather will present combinations of temperature and
precipitation that were rarely or never observed during this ﬁeld
study (Fig. 2). As a result, the observed relationship between
precipitation and seasonal fecundity may not hold under warmer
conditions.
O THER A PPROACHES TO I NTEGRATING C LIMATE M ODELS
W EATHER - RELATED R ESEARCH

AND

In the preceding example, we focused on the eﬀects of climate
change on one aspect of Song Sparrow demography for which
climate projections were readily available. However, there are
several alternative approaches for integrating climate models and
weather-related avian research. Here, we brieﬂy discuss some other
ways to integrate climate projections with avian ecology.
Other demographic processes and population modeling.—
In addition to fecundity, climate change may aﬀect other vital
rates. For example, survival rates can be associated with weather
variables, including temperature (Arcese et al. 1992) and precipitation (Dugger et al. 2000, Sillett et al. 2000). Because the
eﬀects of climate on survival and immigration may counteract
or compound any eﬀects of climate on productivity, the relative
importance of these vital rates in aﬀecting the population’s growth
rate should be considered (Ådahl et al. 2006). Ultimately, the
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demographic consequences of climate change will need to be
synthesized in the context of population growth rates rather than
the eﬀects on a single vital rate (Sæther et al. 2004, Ådahl et al.
2006).
Indirect eﬀects.—In many cases, the eﬀects of climate change
may be mediated indirectly through changes in vegetation, food
availability, or eﬀects on competitors and predators. For example,
shifts in precipitation and temperature may have large eﬀects
on vegetation structure and composition (Lenihan et al. 2003).
Because vegetation structure and composition are important determinants of bird distribution and abundance (James and Wamer
1982, Rotenberry 1985, Lee and Rotenberry 2005), climate change
may have indirect eﬀects on birds through climatically driven
changes in vegetation. Similarly, there is increasing evidence that
climate change may inﬂuence the phenology and abundance of
many invertebrates that act as important food resources for many
birds (Both et al. 2006). The time-scale at which these indirect
eﬀects may be important is likely highly variable; invertebrate
populations may respond to changing climate in a matter of years,
whereas vegetation structure and composition may change over
decades or even centuries.
Seasonal timing.—Because some climate model projections
can provide quarterly and monthly values for temperature and
precipitation, they can be used to investigate the importance of the
seasonal timing of these variables. In our example, we considered
only changes in total annual precipitation, neglecting the possibility that changes in the monthly distribution of rainfall may also
be important. Both Chase et al. (2005) and DeSante and Geupel
(1987) presented evidence that in years with increased May rainfall,
avian reproduction at Palomarin is depressed. These observations
suggest that eﬀects of climate change on the seasonal timing of precipitation may have important consequences for bird populations.
Other climate variables.—Climate models can provide a wide
range of output variables that may be applicable to a wide range
of ecological systems. For example, climate models that describe
sea surface temperatures (Manabe et al. 1991) could be applied
to relationships between sea surface temperatures and seabird
reproduction and survival (Jenouvrier et al. 2003, Lee et al. 2007).
Similarly, surface wind output from a regional climate model has
been used to estimate changes in upwelling along the coast of western North America and to make projections of the eﬀect of climate
change on breeding success of Cassin’s Auklets (Ptychoramphus
aleuticus) along the coast of California (Snyder et al. 2003, Wolf
2007). Because wind patterns are also an important component of
migration strategies (Butler et al. 1997, Liechti and Bruderer 1998,
Sinelschikova et al. 2007), these models could also be applied to
the consequences of climate change for bird migration. Climate
models can also be used to make projections about hydrological
consequences of climate change (Fowler et al. 2007), which may
be important for many riparian-associated species (Moreno-Rueda
and Rivas 2007).
Extreme weather events.—Changes in the frequency and intensity of extreme weather events are recognized as an important
component of climate change (Parmesan et al. 2000, Jentsch et al.
2007). Events such as late-winter snow storms, ﬂoods, droughts,
and heavy rains may have important demographic consequences
for some birds (Martin and Wiebe 2004, Altwegg et al. 2006).
For example, >90% of the Song Sparrow population on Mandarte
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Island died following an unusually cold period in February 1989
(Arcese et al. 1992). Climate models that predict the magnitude and
frequency of extreme events continue to be developed (Easterling
et al. 2000, Bell et al. 2004), and integrating them with stochastic
models of population growth will be an important component of
understanding the response of bird populations to climate change
(Lusk et al. 2001, Sæther et al. 2004).
Large-scale climate ﬂuctuations.—Climate models can also be
used to describe the frequency and intensity of large-scale climate
ﬂuctuations, such as ENSO and the North Atlantic Oscillation
(Christoph et al. 2000, Lin 2007). For numerous bird species,
demography (Sillett et al. 2000, Lehikoinen et al. 2006, Sedinger
et al. 2006, Lee et al. 2007) and phenology (Forchhammer et al.
2002, MacMynowski et al. 2007) are associated with variation in
these indices. Current models suggest that increased greenhousegas concentrations will increase the frequency and intensity of
ENSO events (Timmermann et al. 1999). For Galapagos Penguins
(Spheniscus mendiculus), population modeling revealed that relatively small increases in the frequency of ENSO events increased
the probability of extinction to 80%, more than double the probability calculated for the current ENSO regime (Vargas et al. 2007).

T HE I MPORTANCE OF C OLLABORATING
C LIMATE M ODELERS

WITH

Understanding the eﬀects of climate change on bird populations
will require multiple lines of research. Root and Schneider (1995)
emphasized the importance of combining large-scale, distributionoriented research with small-scale, process-oriented research.
They termed this research approach “strategic cyclical scaling”
(SCS), because it emphasizes continuous cycling between largeand small-scale studies. Within the context of SCS, analyses of
migratory and reproductive phenology, distribution modeling, and
the inﬂuence of climate variability on demographic processes will
all remain important components of understanding how climate
change will aﬀect bird populations. Collaborations with climate
modelers will play an important role in the success of ornithologists in conducting these analyses.
Online sources of climate projections, such as Worldclim,
may provide an initial guide to the magnitude of expected climate
change. As we were preparing this manuscript, a much more
extensive set of down-scaled climate projections from the World
Climate Research Programme (WCRP) was made available online
(see Acknowledgments). However, because the validity of downscaled climate data remains uncertain and the techniques are
rapidly evolving, these data should be interpreted with caution and
with input from experts in the ﬁeld (Daly 2006). Every year brings
important developments in both the complexity of climate models
and the computing power available for implementing them. Fifteen
years ago, models with a global grid so large that the Sierra Nevada
and Rocky Mountains were contained in a single cell took up to
10 h of computation time on a Cray supercomputer, and models
on a 50 × 50 km grid would take up to a year of computation time
(Root and Schneider 1993). Today, a regional climate model with a
50 × 50 km grid for the continental United States can now simulate
20 years of climate data within a week. As models and technology
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continue to improve, they will become an even more important
resource for ornithologists.
The uncertainty regarding future conditions remains the
fundamental challenge in forecasting the eﬀects that climate
change will have on bird populations. Not only is the magnitude
of projected climate change uncertain (Snyder and Sloan 2005),
but so is the extent to which ecological processes may respond
unpredictably to novel climatic conditions (Schneider and Root
1996, Suttle et al. 2007, Williams and Jackson 2007). Given
these uncertainties, it is unlikely that models will ever provide
highly accurate forecasts of future conditions. However, despite
their many limitations, models are one of the few tools available
for understanding how and why climatic conditions and bird
populations may change over the next century. As such, their utility
may not be deﬁned by how accurately they forecast the future,
but by how useful they are in understanding the mechanisms by
which climate inﬂuences bird populations (Box and Draper 1987).
C ONCLUSION
Understanding, mitigating for, and adapting to the eﬀects of climate change on bird populations presents a unique and important
set of challenges for ornithologists and conservation biologists.
Model uncertainties, climatic conditions that fall outside the
historical range of variability, shifting vegetation communities, and
novel bird communities all pose extreme challenges to predicting
how bird populations, and ecological systems in general, will respond to climate change (Schneider and Root 1996, Berteaux et al.
2006, Krebs and Berteaux 2006). Climate models will play an important role in this process. Ornithologists can take several steps to
put their work in the context of these models. Regional summaries
of climate projections provide one resource for ornithologists
interested in understanding the magnitude of eﬀects projected
for their study sites. Examples of such reviews include those for
California (Hayhoe et al. 2004), the northeastern United States
(Hayhoe et al. 2007), Europe (Räisänen et al. 2004), and Africa
(Paeth and Thamm 2007). More speciﬁcally, ornithologists can use
online resources to put weather-related research in the context
of future climatic conditions. Finally, and most importantly, we
encourage ornithologists to collaborate with climatologists to
address the very real challenges of uncertainty and novel climatic
conditions associated with understanding the eﬀects of climate
change on bird populations.
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Å, E., P. L,  N. J. 2006. From climate
change to population change: The need to consider annual life
cycles. Global Change Biology 12:1627–1633.
A, R., A. R, M. K,  L. J. 2006.
Demographic eﬀects of extreme winter weather in the Barn
Owl. Oecologia 149:44–51.

A,
M.,  A. T. P. 2006. Climate change eﬀects
on Neotropical manakin diversity based on ecological niche
modeling. Condor 108:778–791.
A, P., J. N. M. S, W. M. H, C. M.
R,  D. L. 1992. Stability, regulation, and
the determination of abundance in an insular Song Sparrow
population. Ecology 73:805–822.
B, L. J., A. J. P, M. P,  L. H.
2007. Where will species go? Incorporating new advances in
climate modelling into projections of species distributions.
Global Change Biology 13:1368–1385.
B, J. L., L. C. S,  M. A. S. 2004. Regional
changes in extreme climatic events: A future climate scenario.
Journal of Climate 17:81–87.
B, D., M. M. H, C. J. K, M. L, A. G.
MA, N. P, D. R, T. S, E. T,
R. B. W,  N. C. S. 2006. Constraints to
projecting the eﬀects of climate change on mammals. Climate
Research 32:151–158.
B, C., S. B, C. M. L,  M. E. V. 2006.
Climate change and population declines in a long-distance
migratory bird. Nature 441:81–83.
B, G. E. P.,  N. R. D. 1987. Empirical Model-building
and Response Surfaces. Wiley, New York.
B, A., F. G, X. B,  M. I. 2006. Comparison
of regional climate model and statistical downscaling simulations of diﬀerent winter precipitation change scenarios over
Romania. Theoretical and Applied Climatology 86:101–123.
B, C. J. 2003. The disproportionate eﬀect of global warming
on the arrival dates of short-distance migratory birds in North
America. Ibis 145:484–495.
B, R. W., T. D. W, N. W,  M. A.
B. 1997. Wind assistance: A requirement for migration
of shorebirds? Auk 114:456–466.
C, L. E., L. H,  M. E. W. 2005. Climate
change and its impact on Australia’s avifuana. Emu 105:1–20.
C, M. K., N. N,  G. R. G. 2005. Eﬀects of
weather and population density on reproductive success and
population dynamics in a Song Sparrow (Melospiza melodia)
population: A long-term study. Auk 122:571–592.
C, M., U. U, J. M. O,  E.
R. 2000. The role of ocean dynamics for low-

O RNITHOLOGY —

7

frequency ﬂuctuations of the NAO in a coupled ocean–
atmosphere GCM. Journal of Climate 13:2536–2549.
C, H. Q. P. 2004. The impact of climate change on birds. Ibis
146 (Supplement 1):48–56.
C, H. Q. P.,  T. H. S. 1999. Climate change related
to egg-laying trends. Nature 399:423–424.
C, J. F., J. P, P. M. C, N. G,  S.
P. 2000. Uncertainties linked to land-surface processes
in climate change simulations. Climate Dynamics 16:949–961.
D, A., T. M. L. W, B. A. B, J. T. K,  L.
E. B. 2001a. Climates of the twentieth and twenty-ﬁrst
centuries simulated by the NCAR climate system model.
Journal of Climate 14:485–519.
D, A., T. M. L. W, G. A. M,  W. M. W.
2001b. Eﬀects of stabilizing atmospheric CO2 on global climate
in the next two centuries. Geophysical Research Letters
28:4511–4514.
D, C. 2006. Guidelines for assessing the suitability of spatial
climate data sets. International Journal of Climatology 26:707–
721.
D, A. J., L. S. J, J. H. L, B. S,
 S. W. 1998. Making mistakes when predicting
shifts in species range in response to global warming. Nature
391:783–786.

D, M., D. P. R, D. L,
F. G, J. H.
 M. 
C, B. R, D. J, E. K,
C,  B.   H. 2007. An intercomparison
of regional climate simulations for Europe: Assessing
uncertainties in model projections. Climatic Change 81:53–70.
DS, D. F.,  G. R. G. 1987. Landbird productivity
in central coastal California: The relationship to annual rainfall
and a reproductive failure in 1986. Condor 89:636–653.
D, P. B., R. W. A, J. C, W. G, J. H,
J. I, J. K, L.-R. L, J. R,  E. Z.
2006. Simulations of present and future climates in the western
United States with four nested regional climate models. Journal
of Climate 19:873–895.
D, K. M., J. F,  W. J. A. 2000. Rainfall
correlates of bird populations and survival rates in a Puerto
Rican dry forest. Bird Populations 5:11–27.
D, P. O.,  D. W. W. 1999. Climate change has
aﬀected the breeding date of tree swallows throughout North
America. Proceedings of the Royal Society of London, Series B
266:2487–2490.
E, D. R., G. A. M, C. P, S. A. C,
T. R. K,  L. O. M. 2000. Climate extremes:
Observations, modeling, and impacts. Science 289:2068–2074.
F, M. C., E. P,  N. C. S. 2002.
North Atlantic Oscillation timing of long- and short-distance
migration. Journal of Animal Ecology 71:1002–1014.
F, H. J., S. B,  C. T. 2007. Linking
climate change modelling to impacts studies: Recent advances
in downscaling techniques for hydrological modelling.
International Journal of Climatology 27:1547–1578.
F, M., M. P. H, F. D, P. R, 
S. W. 2004. Scale-dependent climate signals drive
breeding phenology of three seabird species. Global Change
Biology 10:1214–1221.

8

— P ERSPECTIVES

IN

G, F. 2006. Regional climate modeling: Status and
perspectives. Journal De Physique IV 139:101–118.
G, F.,  R. F. 2000. Uncertainties in regional
climate change prediction: A regional analysis of ensemble
simulations with the HADCM2 coupled AOGCM. Climate
Dynamics 16:169–182.
G, F.,  L. O. M. 1991. Approaches to the simulation
of regional climate change: A review. Reviews of Geophysics
29:191–216.
G, B., P. B. D,  J. C. 2003. Highresolution simulations of global climate, part 2: Eﬀects of
increased greenhouse gases. Climate Dynamics 21:391–404.
G, A.,  W. T. 2005. Predicting species
distribution: Oﬀering more than simple habitat models.
Ecology Letters 8:993–1009.
G, A.,  N. E. Z. 2000. Predictive habitat
distribution models in ecology. Ecological Modelling 135:147–
186.
H, L., G. F. M, T. L, W. J. B, M.
B, J. C. L, D. S,  F. I. W.
2002. Conservation of biodiversity in a changing climate.
Conservation Biology 16:264–268.
H, K., D. C, C. B. F, P. C. F, E. P.
M, N. L. M, S. C. M, S. H. S,
K. N. C, E. E. C,  . 2004. Emissions
pathways, climate change, and impacts on California. Proceedings of the National Academy of Sciences USA 101:12422–
12427.
H, K., C. P. W, T. G. H, L. L, M.
D. S, J. S, E. W, B. A, J.
B, A. DG,  . 2007. Past and
future changes in climate and hydrological indicators in the US
Northeast. Climate Dynamics 28:381–407.

H, R. K., M. L, M. B. A,
R. V, W.
T,  M. T. S. 2006. Methods and uncertainties
in bioclimatic envelope modelling under climate change.
Progress in Physical Geography 30:751–777.
H, R. J., S. E. C, J. L. P, P. G. J, 
A. J. 2005. Very high resolution interpolated climate
surfaces for global land areas. International Journal of
Climatology 25:1965–1978.
H, A. T.,  P. L. L. 2007. Breeding distributions
of North American bird species moving north as a result of
climate change. Conservation Biology 21:534–539.
H, B., Y. C. C, R. E. G, G. M. H,
C. R,  S. G. W. 2006. Potential impacts of
climatic change upon geographical distributions of birds. Ibis
148 (Supplement 1):8–28.
I, I., J. S. C, M. C. D, K. F, M. H, S.
LD, A. MB, N. E. W,  M. S. W.
2006. Predicting biodiversity change: Outside the climate
envelope, beyond the species–area curve. Ecology 87:1896–
1906.
I P  C C. 2007.
Climate Change 2007: The Physical Science Basis. Contribution
of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (S. Solomon,
D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M.

O RNITHOLOGY —

A UK , V OL . 125

Tignor, and H. L. Miller, Eds.). Cambridge University Press,
Cambridge, United Kingdom.
J, F. C.,  N. O. W. 1982. Relationships between
temperate forest bird communities and vegetation structure.
Ecology 63:159–171.
J, S., C. B,  H. W. 2003. Effects of climate variability on the temporal population dynamics
of Southern Fulmars. Journal of Animal Ecology 72:576–587.
J, A., J. K,  C. B. 2007. A new
generation of climate-change experiments: Events, not trends.
Frontiers in Ecology and the Environment 5:365–374.
J, W., D. S. W,  A. P. D. 2007. Projected
impacts of climate and land-use change on the global diversity
of birds. PLoS Biology 5:e157.
K, J. W.,  C. S. T. 1998. A comparison of statistical and model-based downscaling techniques for estimating
local climate variations. Journal of Climate 11:735–753.
K, C. J.,  D. B. 2006. Problems and pitfalls in
relating climate variability to population dynamics. Climate
Research 32:143–149.
K, L. M., M. A. S, L. C. S, E. S. Z,
 B. F. 2005. Modeled regional climate change and
California endemic oak ranges. Proceedings of the National
Academy of Sciences USA 102:16281–16286.
L S, F. A.,  F. R. T III. 2007. Poleward shifts
in winter ranges of North American birds. Ecology 88:1803–
1812.
L, D. E., N. N,  W. J. S. 2007. Climate
and demography of the planktivorous Cassin’s Auklet
Ptychoramphus aleuticus oﬀ northern California: Implications
for population change. Journal of Animal Ecology 76:337–
347.
L, P.-Y.,  J. T. R. 2005. Relationships between bird
species and tree species assemblages in forested habitats of eastern North America. Journal of Biogeography 32:1139–1150.

L, A., M. K,  M. O.
2006. Winter climate
aﬀects subsequent breeding success of Common Eiders. Global
Change Biology 12:1355–1365.
L, J. M., R. D, D. B,  R. P. N.
2003. Climate change eﬀects on vegetation distribution, carbon,
and ﬁre in California. Ecological Applications 13:1667–1681.
L, X.-Z., J. P, J. Z, K. E. K, J. X. L. W, 
A. D. 2006. Regional climate model downscaling of the U.S.
summer climate and future change. Journal of Geophysical
Research 111: Article no. D10108.
L, F.,  B. B. 1998. The relevance of wind for
optimal migration theory. Journal of Avian Biology 29:561–568.
L, J. -L. 2007. Interdecadal variability of ENSO in 21 IPCC AR4
coupled GCMs. Geophysical Research Letters 34: Article no.
L12702.
L, J. J., F. S. G,  S. J. DM. 2001. Northern
Bobwhite (Colinus virginianus) abundance in relation to yearly
weather and long-term climate patterns. Ecological Modelling
146:3–15.
MM, D. P., T. L. R, G. B,  G. R.
G. 2007. Changes in spring arrival of Nearctic–
Neotropical migrants attributed to multiscalar climate. Global
Change Biology 13:2239–2251.

J ANUARY 2008

— P ERSPECTIVES

IN

M, S., R. J. S, M. J. S,  K. B. 1991.
Transient responses of a coupled ocean-atmosphere model
to gradual changes of atmospheric CO2 . Part I. Annual mean
response. Journal of Climate 4:785–818.
M, K.,  K. L. W. 2004. Coping mechanisms of alpine
and arctic breeding birds: Extreme weather and limitations to
reproductive resilience. Integrative and Comparative Biology
44:177–185.
ML, J. F., J. J. H, C. L. B, 
P. R. E. 2002. Climate change hastens population
extinctions. Proceedings of the National Academy of Sciences
USA 99:6070–6074.
M-R, G.,  J. M. R. 2007. Recent changes in
allometric relationships among morphological traits in the
Dipper (Cinclus cinclus). Journal of Ornithology 148:489–494.
M, J. 1999. An evaluation of statistical and dynamical
techniques for downscaling local climate. Journal of Climate
12:2256–2284.
M-K, H. M., T. J. U, S. G. S, 
A. A. C. 2005. Long-term trends in spring arrival dates
of migrant birds at Delta Marsh, Manitoba, in relation to
climate change. Auk 122:1130–1148.
N, N.,  R. S, E. 2000. Special Report on
Emissions Scenarios. Cambridge University Press, Cambridge,
United Kingdom.
P, H.,  H.-P. T. 2007. Regional modelling of future
African climate north of 15◦ S including greenhouse warming
and land degradation. Climatic Change 83:401–427.
P, C. 2007. Inﬂuences of species, latitudes and
methodologies on estimates of phenological response to
global warming. Global Change Biology 13:1860–1872.
P, C., T. L. R,  M. R. W. 2000. Impacts of
extreme weather and climate on terrestrial biota. Bulletin of
the American Meteorological Society 81:443–450.
P, C.,  G. Y. 2003. A globally coherent ﬁngerprint
of climate change impacts across natural systems. Nature
421:37–42.
P, W., S. B,  L. U. 1991. Survival
of British sedge warblers Acrocephalus-Schoenobaenus in
relation to West African rainfall. Ibis 133:300–305.
P, K. S.-H. 2007. Potential eﬀects of climate change on
elevational distributions of tropical birds in Southeast Asia.
Condor 109:437–441.
P, A. T., M. A. O-H, J. B, V.

 R. H. B, 
S-C,
J. S,
D. R. B. S. 2002. Future projections for Mexican
faunas under global climate change scenarios. Nature 41:626–
629.
P, J. A., M. P. L. F,  J. H. C. 1999.
Biological response to climate change on a tropical mountain.
Nature 398:611–615.
 ,


R
J., U. H, A. U, R. D,
L. P.
G, C. J, H. E. M. M, P. S, 
U. W. 2004. European climate in the late twenty-ﬁrst
century: Regional simulations with two driving global models
and two forcing scenarios. Climate Dynamics 22:13–31.
R, M. R., G. M, P. C, C. L Q, J. G.
C, G. K,  C. B. F. 2007. Global and

O RNITHOLOGY —

9

regional drivers of accelerating CO2 emissions. Proceedings
of the National Academy of Sciences USA 104:10288–
10293.
R, R. A., S. R. B,  H. Q. P. C. 2007.
Weather-dependent survival: Implications of climate change
for passerine population processes. Ibis 149:357–364.
R, N. L., S. N. M, K. P. MF, J. D.
L, L. R. I, A. P, T. S. S,  R.
T. H. 2008. Potential eﬀects of climate change on birds
of the Northeast. In Mitigation and Adaptation Strategies for
Global Change 13: in press.
R, T. L., J. T. P, K. R. H, S. H. S, C.
R,  J. A. P. 2003. Fingerprints of global
warming on wild animals and plants. Nature 421:57–60.
R, T. L.,  S. H. S. 1993. Can large-scale
climatic models be linked with multiscale ecological studies?
Conservation Biology 7:256–270.
R, T. L.,  S. H. S. 1995. Ecology and climate:
Research strategies and implications. Science 269:334–341.
R, T. L.,  S. H. S. 2006. Conservation and
climate change: The challenges ahead. Conservation Biology
20:706–708.
R, J. T. 1985. The role of habitat in avian community
composition: Physiognomy or ﬂoristics? Oecologia 67:213–
217.
S, B.-E.,  O. B. 2000. Avian life history variation
and contribution of demographic traits to the population
growth rate. Ecology 81:642–653.
S, B.-E., W. J. S,  S. E. 2004.
Climate inﬂuences on avian population dynamics. Advances in
Ecological Research 35:185–209.
S, J. J. 2002. Climate change and birds: Have their ecological
consequences already been detected in the Mediterranean
region? Ardeola 49:109–120.
S, J. J. 2003. Large-scale eﬀect of climate change on breeding
parameters of Pied Flycatchers in Western Europe. Ecography
26:45–50.
S, S. H.,  T. L. R. 1996. Ecological implications
of climate change will include surprises. Biodiversity and
Conservation 5:1109–1119.
S, J. S., D. H. W, J. L. S, W. I. B, W. D.
E, B. C, J. F. V, N. D. C, 
M. P. H. 2006. Eﬀects of El Niño on distribution and
reproductive performance of Black Brant. Ecology 87:151–159.
S, T. S., R. T. H,  T. W. S. 2000. Impacts of
a global climate cycle on population dynamics of a migratory
songbird. Science 288:2040–2042.
S, A., V. K, I. P,  A. N. B.
2007. The inﬂuence of wind conditions in Europe on the
advance in timing of the spring migration of the Song
Thrush (Turdus philomelos) in the south-east Baltic region.
International Journal of Biometeorology 51:431–440.
S, M. A.,  L. C. S. 2005. Transient future climate
over the western United States using a regional climate model.
Earth Interactions 9: Article no. 11.
S, M. A., L. C. S, N. S. D,  J. L. B.
2003. Future climate change and upwelling in the California
Current. Geophysical Research Letters 30: Article no. 1823.

10

— P ERSPECTIVES

IN

S, P. A., S. F. B. T, G. S. J, M. R. A, J. F. B.
M,  G. J. J. 2000. External control of 20th
century temperature by natural and anthropogenic forcings.
Science 290:2133–2137.
S, K. B., M. A. T,  M. E. P. 2007. Species
interactions reverse grassland responses to changing climate.
Science 315:640–642.
T, C. D.,  J. L. L. 1999. Birds extend their ranges
northwards. Nature 399:213.
T, A., J. O, A. B, M. E, M.
L,  E. R. 1999. Increased El Niño frequency
in a climate model forced by future greenhouse warming.
Nature 398:694–697.
T, P.,  T. H. S. 2001. Is the detection of the
ﬁrst arrival date of migrating birds inﬂuenced by population
size? A case study of the Red-backed Shrike Lanius collurio.
International Journal of Biometeorology 45:217–219.
V, F. H., R. C. L, P. J. J, A. S, R. J. M.
C, P. D. B,  D. W. M. 2007.
Modelling the eﬀect of El Niño on the persistence of small
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