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SYMPOSIUM

Integrating Meteorology into Research on Migration
Judy Shamoun-Baranes,1 Willem Bouten and E. Emiel van Loon

Computational Geo-Ecology, Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam,

P.O. Box 94248, 1090 GE Amsterdam, The Netherlands

1E-mail: shamoun@uva.nl

From the symposium ‘‘Integrative Migration Biology’’ presented at the annual meeting of the Society for Integrative and

Comparative Biology, January 3–7, 2010 at Seattle, Washington.

Synopsis Atmospheric dynamics strongly influence the migration of flying organisms. They affect, among others, the

onset, duration and cost of migration, migratory routes, stop-over decisions, and flight speeds en-route. Animals move

through a heterogeneous environment and have to react to atmospheric dynamics at different spatial and temporal scales.

Integrating meteorology into research on migration is not only challenging but it is also important, especially when trying

to understand the variability of the various aspects of migratory behavior observed in nature. In this article, we give an

overview of some different modeling approaches and we show how these have been incorporated into migration research.

We provide a more detailed description of the development and application of two dynamic, individual-based models,

one for waders and one for soaring migrants, as examples of how and why to integrate meteorology into research on

migration. We use these models to help understand underlying mechanisms of individual response to atmospheric

conditions en-route and to explain emergent patterns. This type of models can be used to study the impact of variability

in atmospheric dynamics on migration along a migratory trajectory, between seasons and between years. We conclude by

providing some basic guidelines to help researchers towards finding the right modeling approach and the meteorological

data needed to integrate meteorology into their own research.

Introduction

For flying organisms, such as insects, bats and birds,

atmospheric dynamics play an important role in

their migratory movements (e.g. Richardson 1990;

Dingle 1996; Liechti 2006; Kunz et al. 2008).

Animals move through a dynamic and heterogeneous

environment where conditions from the microscale

through the mesoscale and even global circulation

patterns are relevant (Drake and Farrow 1988;

Nathan et al. 2005; Kunz et al. 2008). The effects

of atmospheric dynamics on migration are complex

and may differ depending on the temporal and spa-

tial scale being considered as well as on the species,

region, season and year. For example, instantaneous

responses to changing wind speeds due to microscale

and/or mesoscale dynamics may affect the flight

speed, course and energetic cost at that point in

time, as well as the conditions that will be experi-

enced later en-route (e.g. Chapman et al. 2010;

Shamoun-Baranes et al. 2010). These effects may

also be cumulative throughout the season, finally

resulting in carry-over effects such as an impact on

survival (e.g. Erni et al. 2005; Newton 2006), timing

of migration or breeding success. Although global

patterns of atmospheric circulation may not affect

instantaneous responses of individual migrants

directly, they will shape atmospheric conditions at

smaller scales. At the same time they are likely to

have more long term and cumulative effects on

migration by affecting migration routes and seasonal

timing of long distance movements. We provide a

simplified representation of these multi-scale interac-

tions in Fig. 1.

Meteorology should be integrated into research on

migration, especially when trying to understand nat-

ural variability observed in aspects like the timing

of migration; migratory routes; orientation; use of

stopover sites; or population trends such as

effects on survival or breeding success as a result of

changes in arrival time or physiological condition.

Meteorology is also of interest at longer time

scales when trying to understand the evolution of
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particular migratory systems. Thus, integrating mete-

orology and research on animal migration will

help us better understand both short- and long-term

organismal–environmental linkages, one of the grand

challenges identified in organismal biology (Schwenk

et al. 2009). However, linking mechanisms at the

individual level to these longer-term, or larger-scale

consequences remains challenging.

During the past few decades numerous empirical

and theoretical studies have addressed the influence

of atmospheric dynamics on animals’ migrations

(for overviews see Richardson 1978, 1990; Drake

and Farrow 1988; Dingle 1996; Liechti 2006;

Newton 2008). Atmospheric conditions are known

to influence the onset of migration (Shamoun-

Baranes et al. 2006; Gill et al. 2009), migration

phenology (Hüppop and Hüppop 2003; Jonzen

et al. 2006; Bauer et al. 2008), stopover decisions

(Åkesson and Hedenström 2000; Dänhardt and

Lindström 2001; Schaub et al. 2004; Wikelski et al.

2006; Brattström et al. 2008), flight speeds (Garland

and Davis 2002; Shamoun-Baranes et al. 2003a;

Kemp et al. in review), flight altitudes (Bruderer

et al. 1995; Wood et al. 2006, 2010; Reynolds et al.

2009; Schmaljohann et al. 2009), flight strategy (Gibo

and Pallett 1979; Pennycuick et al. 1979; Gibo 1981;

Spaar and Bruderer 1997; Spaar et al. 1998; Sapir

2009), orientation and trajectories (Thorup et al.

2003; Chapman et al. 2008; Srygley and Dudley

2008; Chapman et al. 2010), migration intensity or

probability (Erni et al. 2002; Reynolds 2006; Cryan

and Brown 2007; Stefanescu et al. 2007; van Belle

et al. 2007; Leskinen et al. 2009), as well as migratory

success (Erni et al. 2005; Reilly and Reilly 2009).

Modeling approaches

Different modeling techniques have been used to

study the influence of atmospheric dynamics on

migration. We would like to distinguish between

‘concept-driven’ and ‘data-driven’ models. The struc-

ture of concept-driven models can only be conceived

if extensive prior knowledge of the system is available

and cannot be discovered in an automated fashion.

Calibration of parameters of concept-driven models

Fig. 1 A simplified representation of the different spatio-temporal scales of atmospheric dynamics that may influence instantaneous

behavioral responses, resulting in short-term (instantaneous) and longer-term effects. Carry-over effects include not only inter-annual

effects (e.g. population size or breeding success), but longer-term effects that may have evolutionary consequences (e.g. shaping

migration routes). For example, instantaneous changes in flight behavior would influence instantaneous flight speed, the timing of

migration within a migration season and could also lead to carry-over effects such as the timing of breeding or breeding success.

Integrating meteorology and migration research 281

 at U
niversiteit van A

m
sterdam

 on January 18, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/


is possible if measurements of model output are

available, but this is not always required to use the

model. Reasonable values of parameters can often be

found by using expert knowledge or information

from experiments or biophysical calculations.

Concept driven models can then be run as thought

experiments, without any observations.

The structure of data-driven models, however, can

be derived via (highly) automated procedures but

does not necessarily represent cause and effect rela-

tions in nature. These models need relatively little

prior knowledge of the system before they can be

constructed, but always require calibration of the

parameters because the parameters do not necessarily

match physical entities that can be independently

observed in nature. Because of the necessity to cali-

brate, data-driven models always need observations

on both input and output variables of the model.

Table 1 specifies three different types of

concept-driven modeling techniques and two differ-

ent types of data-driven modeling techniques with

some of their main characteristics. These definitions

are of course not specific for models of migration,

but are applicable to ecological models in general.

Table 2 provides several examples of the various

techniques of measurement and modeling applied

in studying the influence of atmospheric dynamics

on migration.

We think that especially concept-driven dynamic

simulations of migration provide a suitable frame-

work for integrating scattered knowledge about

migration, systematically addressing complex

questions about system feedbacks and scale, compar-

ing theories and observations, and identifying ave-

nues for new research. By modeling the influence

of atmospheric conditions en-route we can study

emergent patterns of migration at the individual

and population level as well as study the importance

of the variability in individual behavior and the vari-

ability in atmospheric conditions, between days, sea-

sons, years or regions. The models are tools to better

understand underlying mechanisms, but not goals in

themselves. In such models, measurements gathered

from field research or from laboratory experiments

can either be implicitly integrated into the models to

formulate model assumptions and to parameterize

models, or explicitly to compare to model results.

Furthermore, atmospheric conditions from observa-

tions, reanalysis data, numerical models, or artificial

data (see Table 3 for examples) are needed as input

to the models.

In this article we describe the development and

application of two studies using dynamic models of

migration (‘concept-driven’, dynamic individual-

based models; DI, Table 1) as examples of how

and why to integrate meteorology into research on

migration. We use the models to better understand

underlying mechanisms at the individual level to

help explain the patterns that emerge at the popula-

tion level. We provide some basic guidelines to help

researchers towards integrating meteorology into

their research on migration and we discuss the

opportunities and limitations of different sources of

data that can be used for such studies. We thus hope

Table 1 An overview of different types of concept- and data-driven models and their characteristics

Requirement for creating the model

Name Description

Conceptual

understanding

of the system

Numerical and

data processing

skills

Observations

on state

variables

Possibilities for

calibration

Frequency

of use

Concept-driven

SC Static Concept-based modela Intermediate Low Few Easy, many methods Intermediate

DI Dynamic IBMb Intermediate Intermediate Intermediate Difficult, few methods Intermediate

DC Dynamic Continuum-based

modelb
High High Intermediate Intermediate, few methods Low

Data-driven

SD Static Data-based model Low Low Intermediate Easy, many methods High

DD Dynamic Data-based model Low High Many Intermediate, few methods Low

Frequency of use in migration studies is provided in the last column; for references to specific studies see Table 2.
aIn this context, static means that the process being studied is either in steady state or that there is no influence of previous states on the

current state.
bIndividual-based: model state variables refer to properties of an individual; continuum based: model state variables refer to population

properties. State variables are model-entities which are updated at each model time step with a difference equation in dynamic models and are

usually comparable to the dependent variables in static models.
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to facilitate further integration of field biology, mete-

orology and modeling.

Case study of the migration of red knots:

The importance of wind

From numerous studies over the years it is clear that

of all atmospheric conditions wind plays the most

important role in avian migration (Åkesson and

Hedenström 2000; Åkesson et al. 2002; Shamoun-

Baranes et al. 2003a; van Belle et al. 2007;

Schmaljohann et al. 2009; Kemp et al. in review;

for review see Liechti 2006). Yet, quantifying the

cumulative effect of wind en-route for an entire

migration trajectory, as well as the effect of variabil-

ity in space and time has rarely been done in avian

research (Stoddard et al. 1983; Erni et al. 2005; Vrugt

et al. 2007; Reilly and Reilly 2009).

The Afro–Siberian red knot (Calidris canutus

canutus) is an intensively studied long-distance

migrant (e.g. Piersma et al. 1992; Piersma and

Lindström 1997; van de Kam et al. 2004). These

birds migrate north in two non-stop flights of

approximately 4400 km each from their wintering

grounds in Mauritania via the German Wadden

Sea to the Siberian breeding grounds in only four

weeks (Piersma et al. 1992; van de Kam et al.

2004). From previous studies, favorable winds were

considered essential along this flyway (Piersma and

van de Sant 1992). Field observations have shown

that red knots erratically use an extra stopover site

on the French Atlantic coast (Leyrer et al. 2009). One

hypothesis to explain this phenomenon was that

birds experiencing unfavorable winds would use

this area as an emergency stopover site. Therefore,

a dynamic individual-based model (IBM) of north-

bound migration, incorporating winds experienced

en-route, was developed to study whether use of

this intermediate stopover site could be explained

by stochastic wind conditions (Shamoun-Baranes

et al. 2010). In the model, birds are moved forward

in 6-h time steps along the great-circle route between

their wintering site in Mauritania and their stopover

site at the Wadden Sea. The wind experienced at the

beginning of each time step determines the ground

speed of the bird which is subsequently used to cal-

culate flight times and the birds’ locations at the next

time step (Fig. 2). Data on speed and direction of

wind at four different levels of pressure were used in

this study to represent wind conditions experienced

at different altitudes during flight. The data were

extracted from the global NCEP-Reanalysis dataset

which has a spatial resolution of 2.58� 2.58 and a

6-h temporal resolution (Kalnay et al. 1996). TheT
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advantages of the NCEP reanalysis dataset for this

type of analysis are the homogenous spatial and tem-

poral coverage, global and long term coverage and

free availability on the internet. After running simu-

lations, results from the migration model can be

compared to observations.

A comparison between simulated flight times and

the number of birds observed stopping over at the

French staging site showed how unpredictable winds

affect flight times and that wind is a predominant

driver of the use of an emergency stopover site along

the French Atlantic coast. Wind clearly plays an

important and quantifiable role in this, and probably

many other, migratory systems. The study also indi-

cates the importance of this emergency stopover site

for conservation. Although the Wadden Sea is an

obligatory staging area in this system, the French

Atlantic coast may be essential for ensuring the sur-

vival of individuals that have encountered very unfa-

vorable winds en-route. Thus, in the long term, this

emergency stopover site may influence, and help sta-

bilize, migratory population dynamics. These ideas,

however, require further research that can be

conducted with appropriate modeling techniques

and field measurements.

One of the main advantages of such a modeling

framework is the ability to also explore the effect of

variability of wind conditions across years, starting

dates, and altitudes of flight, all resulting in different

wind conditions and flight times. Furthermore, the

potential effects of spatial and temporal auto-

correlation in wind conditions could be studied

along the migratory route. For example, wind con-

ditions experienced in France were spatially and tem-

porally auto-correlated for418 h and sometimes over

hundreds of kilometers. Spatio-temporal correlation

in atmospheric dynamics could provide migrants

with information on what to expect further along

their trajectory and may enable them to fine-tune

their decisions based on their physiological state,

geographic location, and immediate and expected

environmental conditions.

In the future, the model can be extended by inte-

grating the energetics of flight to model the expen-

diture of energy due to the wind conditions

experienced en-route. These results then can be

Fig. 2 A forward simulation of the migration of red knots taking off on May 1, 1986. Upward-pointing and downward-pointing triangles

indicate wintering site (simulated start location) and Wadden sea stopover site (simulated end location) respectively. The open circle

marks the location of the emergency stopover site on the French Atlantic coast. Black circles indicate location at each time step.

Arrows indicate the speed and direction of the wind at each location and the dotted line shows the flight trajectory. The shorter

the distance between circles, the slower is the ground speed due to disadvantageous winds.

Integrating meteorology and migration research 285

 at U
niversiteit van A

m
sterdam

 on January 18, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/


compared to field measurements. The model is not

only designed to enable further extensions but can be

applied to other species where sufficient data are

available. The model framework presented here is

quite similar to meteorological trajectory analysis

used to estimate the flight paths of migrating insects

(e.g. Scott and Achtemeier 1987; Chapman et al.

2010) as a result of meteorological dynamics experi-

enced en-route. Although in contrast to migrating

insects, the location of the departure and destination

are known for the red knots.

Case study of migration by white storks:

The importance of thermal convection

Atmospheric dynamics strongly influence the migra-

tion of soaring birds; particularly thermal convection

which influences daily flight schedules and migration

routes (Kerlinger 1989; Leshem and Yom-Tov 1998),

flight speeds (Leshem and Yom-Tov 1996a;

Mandel et al. 2008) and flight altitudes (Leshem

and Yom-Tov 1996a; Shannon et al. 2002a, 2002b;

Shamoun-Baranes et al. 2003b, 2003c). Many soaring

species are known to migrate in large single-species

or mixed-species flocks aggregating in both space

and time (e.g. Kerlinger 1989; Leshem and

Yom-Tov 1996a, 1996b). Large-scale aggregations

along well established and narrow migratory corri-

dors are often attributed to natural leading lines like

the Appalachian Mountains or to circumvention of

large bodies of water, resulting in geographic bottle-

necks such as those seen in Panama, Gibraltar, the

Bosporus and Israel (Kerlinger 1989; Leshem and

YomTov 1996b; Bildstein and Zalles 2005; Bildstein

2006). However, the mechanisms that result in small

scale convergence and the potential benefits of flock-

ing remain largely unknown. With our model, which

is described below, we explore the hypothesis that

flocking improves the identification and utilization

of thermals (e.g. Kerlinger 1989).

In order to identify the mechanisms leading to

convergence and the importance of individual deci-

sion rules, a spatially explicit IBM named ‘Simsoar’

was developed to simulate migration of soaring birds

(van Loon et al. in review). The model was parame-

terized for the white stork and for atmospheric con-

ditions in Israel based on extensive information from

visual observations, motorized glider flights, radar

(e.g. Leshem and YomTov 1996a, 1996b, 1998;

Shamoun-Baranes et al. 2003b, 2003c) and satellite

telemetry studies on the migration of this species

along the eastern Palearctic flyway (e.g. Shamoun-

Baranes et al. 2003a, 2006). In the model, birds

strive to reach their destination using soaring flight

and select thermals based on several physical con-

straints and on pre-determined behavioral rules

which differentiate between thermals with and with-

out birds (Fig. 3). At each time step birds are either

climbing in a thermal or gliding to their current

target (a thermal or their destination). This design

of the model provides a framework for virtual exper-

iments which can be used to explore the patterns

that emerge due to different decision rules, flight

parameters, convective conditions, or takeoff and

destination areas, and to test different scenarios.

The study shows that under the convective condi-

tions simulated, social-decision rules lead to stronger

convergence and slightly more efficient flight then do

non-social decisions. Furthermore, under equally

dense thermal fields, the spatial distribution of ther-

mals has a significant impact on the efficiency of

migration.

Although the model was initially run with static

thermal conditions, the model can be extended in

the future with an additional module to simulate

dynamic convective conditions (e.g. Allen 2006).

Currently, we do not expect to have systematic mea-

surements of individual thermals; however, the

model can be parameterized with local meteorologi-

cal conditions and the properties of landscapes to

provide dynamic information on the density of ther-

mals, the areas where thermals are most likely to

Fig. 3 3D trajectories of simulated migration of white storks.

Thermals are indicated as grey cylinders; the destination is indi-

cated by a gray box. Each trajectory represents the movement of

an individual during the simulation. When in a thermal, birds

climb vertically until they reach the top; they then glide (losing

altitude) towards the next thermal if it can be sensed and

reached by the birds. Otherwise the bird glides first to the

destination, until another thermal can be utilized. In this

simulation, a bird first searches for the most distant thermal

containing other birds.
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develop, height of the boundary layer, and vertical

lift (e.g. Shannon et al. 2002a, 2002b; Shamoun-

Baranes et al. 2003b, 2003c). Simulated spatial and

temporal patterns can be compared to field data such

as visual observations, radar observations and track-

ing of individual birds. The model can also be used

to compare different avian species or insects that

use soaring flight during migration (e.g. Gibo and

Pallett 1979; Gibo 1981; Garland and Davis 2002).

Furthermore, with the appropriate extensions, the

model can be applied to entire migratory trajectories

and help identify the mechanisms that lead to regio-

nal and seasonal differences in migration.

Using IBMs in research on migration

By developing modeling frameworks with flexible

structure and explicit spatial and temporal dynamics

we can study the importance of atmospheric condi-

tions and individual decision rules in different

migratory systems. In the case studies presented

above we showed how studying individual responses

to atmospheric dynamics along a trajectory could

help explain emergent patterns such as the use of

emergency stopover sites or convergence of flight

paths as well as understand and quantify the impor-

tance of the variability in atmospheric conditions

(within a year, along a trajectory, between years,

or at different altitudes). The two case studies we

presented were examples of dynamic IBMs (DI,

Table 1). This is a relatively large and diverse

group of models with varying ranges of complexity.

Depending on the aim and structure of the model,

IBMs may (e.g. the white stork case study), or may

not (e.g. the red knot case study), include interac-

tions between individuals. IBMs may also include an

aspect of heritability, where traits are transferred

between generations and can evolve during a

simulation (e.g. Erni et al. 2003). In order to develop

these dynamic IBMs, data are essential, not only to

parameterize models with information such as flight

speeds, departure dates, but also to develop reason-

able decision rules. Results from the model, in turn

can, and should, be compared to measurements

which can be at the individual or population level

or consider local or more global patterns. The inte-

gration of models and measurements has shown that

atmospheric conditions can play a central role in

shaping migratory success and efficiency. Often

rather simple decision rules can enable animals to

adapt to a very dynamic environment.

Guidelines for integrating atmospheric
conditions into migration models

For many empirical researchers perhaps the biggest

hurdle in such an approach is how and where to get

started. Following, we provide some guidelines, and

although we provide these in a particular order, the

process is often iterative.

(1) Data quantity and quality: Consider the quan-

tity and quality of the available animal and atmo-

spheric data. Data are needed as input for models

and to compare with the output from models at the

relevant space and time. Table 3 provides a brief

overview of what types of meteorological data are

available and for which spatial and temporal scales

they would be most suitable. It is important to try to

consider atmospheric conditions at the temporal and

spatial scale most suitable for the ecological processes

being studied (Fig. 1, see also Hallett et al. 2004).

(2) Model framework: Consider the aim of your

model and select the most suitable modeling frame-

work. When using models to integrate scientific

knowledge, there is a major distinction between the

aim of making adequate (reliable, accurate and

Table 3 An overview of the most relevant temporal scales (indicated by an X) for different types of meteorological data that can be

incorporated into models of bird migration. Examples of on-line resources for such data are also provided

Temporal scale

Large eddy

simulation

Regional numerical

mesoscale models

Station

observations

Global/continental

reanalysis data

Global circulation

indices

Minutes X X – – –

Hourly – X X X –

Daily – X X X –

Seasonal – – X X X

On-line resource Generally none MM5a ECA&Db NCEP reanalysis datac NAO indexd

The higher the spatial and temporal resolution of the data, generally the harder it is to find on the internet and such models must be run for

the study of interest.
aPSU/NCAR mesoscale model (MM5); http://www.mmm.ucar.edu/prod/rt/pages/rt.html; Grell et al. 1994.
bECA&D European climate and assessment dataset; http://eca.knmi.nl/; Klok and Klein Tank 2009.
cNCEP-NCAR reanalysis data; http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.shtml; Kalnay et al. 1996.
dNAO (North Atlantic Oscillation) index; http://www.cgd.ucar.edu/cas/jhurrell/indices.html; Hurrell et al. 2003.
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precise, at the right scale) predictions and the aim of

enhancing understanding. When the aim is to make

adequate predictions, it is generally desirable to

match the resolution and extent of the model with

the units and domain at which the predictions are

required (‘scale of prediction’ for brevity), as well as

gather data at the scale of prediction. In this way,

errors due to mismatches of scale are avoided. If the

scale at which the most important processes operate

does correspond with the scale of the prediction, try

to build a concept-driven model. However, if the

scale at which key processes operate is much finer

than the scale of prediction, it will be very hard (if

possible at all) to build a concept-driven model from

expert knowledge and first principles. In that case a

data-driven model is the most suitable option.

In case the aim is to gain understanding about a

certain aspect of a migration system, the question

becomes relevant whether you are in an explorative

or a confirmative phase of your research. In the

explorative phase, the aim is to identify patterns,

attempt to find cause-and-effect relationships and

compare alternative models. Currently it is not fea-

sible to conduct such explorative activities with

concept-based models because it requires too much

effort to generate a single model. In the future, how-

ever, more flexible modeling systems may be built

that do, in fact, allow such activities (Taylor et al.

2007). So, data-driven models are the tools of choice

in the explorative research phase. When a specific

idea or hypothesis can be formulated, research

enters a confirmative phase where some sort of

formal comparison of that idea against observations

or other ideas has to be made. In this phase, both

concept- and data-driven models can be used

effectively.

Determining which type of model can be used

under a given set of research aims and of constraints

with regard to availability of data (the variables that

are available, as well as their resolution and extent),

cannot be answered in general; it depends a lot on

the precise nature of a research question. However,

Table 1 specifies the main properties and limitations

of the various modeling techniques and can provide

guidance about which modeling technique to use,

after a researcher has specified her/his research ques-

tion. Table 2 provides some examples of studies of

migration with a reference to the different types of

model applied.

(3) Communication and collaboration: During

this process and the research itself, consider commu-

nicating and collaborating with the necessary experts,

e.g. modelers or meteorologists. Keep in mind that

the models themselves are also vehicles for

communication. Communication can be facilitated

by developing common terminology and using con-

ceptual frameworks for the description and design of

models (e.g. Grimm et al. 2006; Nathan et al. 2008)

as well as by research workshops dedicated to collab-

oration (Bauer et al. 2009).

Future perspectives

Several advances in different fields will strongly facil-

itate the integration of meteorology into migration

research. First, meteorological data are becoming

more available and accessible, with numerous sources

of data freely available on the internet (Table 3).

Some of these sources are even archived globally

for several decades (e.g. NCEP-NCAR reanalysis

data, Kalnay et al. 1996). More recently, atmospheric

models that can provide data at the temporal and

spatial scale of interest have been developed and

will greatly enhance migration research (Scott

and Achtemeier 1987; Nathan et al. 2005). At very

fine scales this will often require that atmospheric

models are run specifically for the research project

(e.g. Shannon et al. 2002a, 2002b; Shamoun-Baranes

et al. 2003b, 2003c; Sapir 2009). Advances in tech-

nologies to collect data on animal movement

(e.g. Robinson et al. in press) will also facilitate the

integration of meteorology into migration research.

Miniaturization of tracking technologies (e.g.

Wikelski et al. 2006,2007; Stuchbury et al. 2009)

and collection of precise locations using the Global

Positioning system (GPS) improves the tracking of

individual animals. High-resolution GPS may help

revolutionize this field by providing detailed infor-

mation on how animals respond to atmospheric

dynamics en-route or even to help reveal animals’

decision rules. Furthermore, collecting additional

data such as heart rate or 3-axial acceleration can

provide information on behavior and the expendi-

ture of energy (e.g. Ropert-Coudert and Wilson

2005; Rutz and Hays 2009) in relation to atmo-

spheric conditions. In addition to individual track-

ing, radar is an excellent tool for observing long-term

spatial and temporal patterns of migration at specific

locations and has been used for several decades

in studies of the migration of birds (e.g. Erni et al.

2005; van Belle et al. 2007; Schmaljohann et al.

2009), bats (e.g. Kunz et al. 2008) and insects (e.g.

Chapman et al. 2003; Reynolds et al. 2005;). Weather

radar networks are particularly promising as they

provide multiple stations and can potentially help

study larger-scale patterns and trajectories more

effectively then single locations. Although weather-

surveillance Doppler radar has been used in the
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United States for such studies (e.g. Diehl et al. 2003;

Gauthreaux et al. 2008; Westbrook 2008), only

recently have several radars in the OPERA network

in Europe (Operational Programme for the Exchange

of Weather Radar Information; Kock et al. 2000)

been successfully tested for studying bird migration

(Holleman et al. 2008; van Gasteren et al. 2008;

Doktor et al. in review) and it will become a valuable

resource when studying Palearctic migration systems.

Atmospheric dynamics can affect migration sys-

tems at many different levels, from instantaneous

changes in flight speed and direction to influencing

breeding success. We hope to see meteorology more

strongly integrated into future research on migration

across multiple taxa. Such an interdisciplinary

approach will help advance research on migration

as well as address some of the grand challenges in

organismal biology (Schwenk et al. 2009; Bowlin

et al. this issue).
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