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The workshop DYNASHOP on putting dynamic models of migration to the test was partly financed by the
Dutch National Research Programme on Global Air Pollution and Climate Change (NRP II project 952209
“modelling the impact of climate change on the Wadden Sea ecosystem”, subproject 3: bird migration
processes and modelling – improving the EcoWasp shorebird module)
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Summary of the workshopSummary of the workshop11

IntroductionIntroduction

Is it possible to give an advance prediction of the optimum route along which birds must
migrate? And is it then also possible to predict the effects of climate change on that route and
the consequences for the survival of the migratory birds? Theoretical biologists, glued to their
computer screens, believe that it is. Field biologists, hardened by the rain and wind, believe it is
not. Top people from both camps met on the island of Texel from Thursday 27 February to
Saturday 1 March 1997 during DYNASHOP: an international workshop on 'Putting dynamic
models of migration to the test'. Support by the National Research Programme on Global Air
Pollution and Climate Change made it possible to organise the workshop.

Change 32 (Ens 1996) contained a report on research into the effects of climate change on
the population dynamics and the migratory behaviour of birds. In particular this dealt with the
waders, which make use of the Wadden Sea in such large numbers, such as the knot (Calidris
canutus: Figure 1). An important result of the research, which was conducted under Phase I of
the NRP (Dutch National Research Program on Global Climate Change), was the beautiful
model, standing gleaming in the sunshine. However, exact statements on the consequences of
climate change nevertheless remained difficult due to the absence of satisfactory estimates of
the necessary parameters for both the birds and the effect of climate change on their habitats.
This was especially true for the model of the long-distance migrant. It thus seemed logical, in
the context of NRP-II, to seek to fill this gap and the workshop mentioned above seemed to
offer the ideal opportunity.

Input parametersInput parameters

All participants could download the DYNAMIG computer package from the DYNASHOP
Internet website (http://www.nioo.knaw.nl/dynamig) and could themselves investigate which
input parameters needed to be estimated. This allowed the field biologists to do their
homework in advance trying to apply the stochastic dynamic program (see box) for the bird
migratory systems that they themselves investigated. The field biologists that were invited all
belonged to a select international group coming from Canada, the USA, the UK, Iceland,
Sweden, the Netherlands, and Germany. They had all been intensively researching the
migration of a particular species of bird for many years. The species studied, in order of
decreasing size, are given in Table 1. The theoretical biologists are pioneers in stochastic
dynamic programming, the mathematical technique used to solve the complex optimisation
problem of how the birds should migrate.

In broad terms, after three days of hard work, the final result for the various bird species could be
split into the following possibilities:
• The model in its current form appeared not to be applicable to a minority of species, such as

the Pectoral sandpiper, which does not make use of a number of clearly localised intermediate
locations, flying over North America over a broad front and landing on temporarily flooded
areas.

• For some species the parameters lead to nonsensical results. For example, it initially appeared
that the knots, which winter in South Africa (Figure 1), could never arrive on the Siberian Tundra
in time to start breeding there. After some investigation it appeared practically certain that this
was due to faulty parameter estimation.

• Finally, the simulations were in all respects encouraging for a fairly large number of species.
Avocets for instance, breed in the Wadden Sea, winter in France and the Iberian Peninsula, but
during the spring migration, the birds that winter on the Iberian peninsula do not make an

                                                       
1 Modified from Ens, B.J. & Klaassen, M. (1997). Climate change and bird migration: neat theory versus unruly reality.
Change 37: 1-4.
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extensive stopover in France. The model computations show that this can be explained in terms
of the high energy expenditure due to the spring temperatures in France, which are lower than
those on the Iberian Peninsula.

    
Figure 1: The global distribution and the migratory routes of the various sub-species of the knot (courtesy T.
Piersma). Inset shows the Wadden Sea, which is important for two sub-species: canutus and islandica. The
workshop investigated whether the model could predict the timing and the use of the illustrated stopover
areas. This, in fact, is a necessary prerequisite if the model is to be used to determine the consequences of
different climate scenarios on the birds' migration and survival.

Satisfactory climate scenariosSatisfactory climate scenarios

For those species for which the model did appear to be applicable, one could investigate where
the most important bottlenecks lie during the migration. (We should state that there was
insufficient time during the workshop for a complete sensitivity analysis.) Furthermore, the
possible consequences of climate change could also be explored. For a number of species it
appeared that the wind conditions during the migration were very important. A little extra
headwind sometimes makes it impossible for the relevant species to reach the breeding grounds
on time. This was a surprising discovery and it emphasises the importance of satisfactory climate
scenarios that can make accurate predictions of wind conditions. Other simulations investigated
the consequences of the unavailability of specific stopover locations, or the consequences of a
shift in the times at which stopover locations become available, both as a result of climate
change. Consider the growth of food plants and the melting of ice. This was investigated for the
barnacle goose as an example. The model predicted that an earlier growth of food plants
would allow the birds to arrive at the breeding grounds earlier, and with an increased body
mass, the result being more successful breeding. The computations make it clear that
satisfactory, precise climate scenarios are required, which can predict changes of temperature
and other factors, like wind velocity, at all locations.
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Table 1: Bird species (in descending order of size) investigated by DYNASHOP participants
English nameEnglish name Latin nameLatin name Dutch name
Bewick’s Swan Cygnus bewickii Kleine Zwaan
Greylag Goose Anser anser Grauwe Gans
Pinkfooted Goose Anser brachyrhynchus Kleine Rietgans
Barnacle Goose Branta leucopsis Brandgans
Brent Goose Branta bernicla Rotgans
Avocet Recurvirostra avosetta Kluut
Knot Calidris canutus Kanoetstrandloper
Pectoral Sandpiper Calidris melanotus Gestreepte Strandloper
Sanderling Calidris alba Drieteenstrandloper
Western Sandpiper Calidris alaskensis Alaska Strandloper

Wish listWish list
Working on the model turned out to be a remarkably good way to get discussions started on the
most important factors that govern migration. The unusually intense discussions gave rise to the
following wish list for making the migration model more realistic:

• Start and duration of breeding season will have to differ from year to year as a result of
stochasticity.

• Birds must have the possibility to base their decision to migrate on the actual weather
conditions.

• During their migration the birds must have the possibility to discontinue their journey in the face
of very severe weather conditions.

• The birds should have the possibility to anticipate conditions at the next stopover.
• The birds should have the possibility to 'cancel their flight' half way through their migration.
• Not only the conditions on the breeding grounds, but also conditions in the various stopovers

must be allowed to vary from year to year, and the birds must be able to take advantage of
these variations.

• Instead of an increased risk of predation as a result of increased food uptake, one might
consider an increased risk of bird disease as a result of increased energy expenditure.

• The animal's energy expenditure should be a function of the changes in the bird's body mass
and seasonal variations.

• The fitness effects of arriving with a certain body mass at a certain time in the season should be
made more realistic.

• The population-dynamic consequences of the fitness effects should be modelled explicitly.

It is certain that the implementation of this wish list would in any case make the model extremely
complex. It may be questioned whether the model would be made any more realistic. The proof
of the pudding is in the eating, but the necessary tests could only be performed at the cost of an
immense amount of work.

STOCHASTIC DYNAMIC PROGRAMMING (SDP)STOCHASTIC DYNAMIC PROGRAMMING (SDP)

In SDP you can distinguish three distinct procedures.

1. Definition of a terminal rewardterminal reward. In the case of most DYNAMIG applications in this report this is the number
of offspring you may expect a bird to produce in relation to its body condition and date of arrival at the
breeding grounds.

2. Calculation of decision matricesdecision matrices (also called policy diagrams) starting from the final time step and looking
backward in time. In the case of most DYNAMIG applications two-dimensional matrices are constructed for
each staging site during migration. Each site-specific decision matrix provides optimal decisions in relation
to date and the bird’s condition.

3. Forward simulationForward simulation. A number of birds is sent on migration with these decision matrices as a travel guide.
In this step the full impact of the various parameter settings and their stochasticity becomes evident.

ReferencesReferences

Ens, B. 1996. Climate change: consequences for migratory birds. Change 32: 12-14.
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2. The 2. The DYNAMIG DYNAMIG simulation toolboxsimulation toolbox
by Marcel Klaassen

This toolbox is based on the publication “Optimal avian migration: a dynamic model of fuel
stores and site use” by Thomas Weber, Bruno Ens and Alasdair Houston (1998; this report). The
main part of the toolbox, a Turbo Pascal for Windows dynamic program, is an adaptation of a
basic program written by Thomas Weber. The toolbox consists of programs and data files that are
constructed such that the migratory journey of any species of bird with discrete stopover sites can
be modelled (for further assumptions and details see Weber et al. [1998]). The software runs on a
PC under Windows 3 and higher versions.

Before studying the content of this toolbox it is strongly recommended to study the manuscript of
Weber et al. (1998), which is enclosed with this report. I also strongly recommend to use the
toolbox to try and reconstruct some of the figures you find in Weber et al., using the example data
files, before adjusting these data files for your own application.

All files from this toolbox can be downloaded from http://nioo.knaw.nl/dynamig. The files should
be copied to your hard disk in a single directory. Both programs for running under DOS and
Windows are provided. The Windows programs have virtually no limitations with regard to the
number of sites, time steps and state steps you define. New versions of the dynamic program are
under construction allowing for more flexibility and parameter setting. In case you want some
additional features it might thus be worthwhile to contact me.

The dynamic programThe dynamic program

The dynamic program contains the dynamic programming algorithms. Using an input file
containing information on the migratory bird and its migratory route, the program produces
several output files containing the calculated optimal decisions and their rewards as a function of
state and time. The decision can either be of type forage or type migrate. Type migrate is always a
positive integer denoting the site to which the bird flies minus 1. Thus decision 3 means: the bird
decides to fly to site 4. Negative values indicate foraging intensity, which may thus vary between -
0 (no foraging) and -1 (maximum foraging intensity).

INPUT FILEINPUT FILE
with characteristics of the
migratory bird and its
migratory route
(e.g. KNOT.INP)

KEYBOARD INPUTKEYBOARD INPUT
stating name of input file

MIGRA2DPW.EXE: the MIGRA2DPW.EXE: the dynamic program.dynamic program.

FREWARD.OUTFREWARD.OUT

file containing for each
combination of state
and time, the time, state
and total reward (i.e.
fitness) at the final
destination.

SITE1.OUTSITE1.OUT
file containing for each
combination of state
and time the optimal
decision and the reward
at the site of departure.

SITE2.OUTSITE2.OUT
file containing for each
combination of state
and time the optimal
decision and the reward
at the first staging site.

ETC….ETC….

The total number of
output files equals
departure (SITE1) +
number of staging sites
+ arrival site
(FREWARD)

Note: All .EXE files are programs of which the source (i.e. the un-compiled and readable version of the
program) has the extension .PAS.
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Below an example of an input file for MIGRADPW is given. The settings in this file (KNOT.INP)
represent the data used for the Knot in Weber et al. (1998). In the programs and in the input file
symbols different from the ones used by Weber et al. are used. This has mainly practical reasons.

For convenience the translation of the symbols used in the toolbox to the ones used in Weber et
al.’s manuscript is given at the end of each line.

Table 1.Table 1. Example of an input file for MIGRADPW.

1 2       3            4                  5          6                7
1234567890123456789012345678901234567890123456789012345678901234567890 used in Weber et
al.
{start of file}

NSites, number of staging sites                                         3                                                     ≈ N
FinalTime, number of time steps                                      100                                                  = T
Cap, relative load                                                          100                                                  = xmax

w, determining shape of state dependent fit func                0.2                                                   -
xc, determining shape of state dependent fit func               1                                                     = xc

sigm, 0:step fit func at x=xc; 1:w & xc determine               0                                                      -
Y, distances between sites (km)                                         2000 2000 2000                             = Di

c, flight range parameter (km)                                          14000                                             = c
speed, flight speed (km/day)                                            1440                                               = v
b0, predation risk at sites: baseline mortality                     0 0 0                                               = mo(i)
b1, predation risk at sites: coefficient                                2E-6 2E-6 2E-6                                = mγ(i)*mβ(i)
a, predation risk: mass dependence exponent                   0                                                     = a
g, predation risk: intensity dependence exponent               2                                                     = b
nTR, number of points describing time reward                   3
nTR * time and fitness describing time reward                    0 0  76 1  100 0.52
Gains, site 1 gain Npoints, x1,y1,p1 x2,y2...                     1 1 2 0                                           = gj(i) pj(i)
       site 2 gain levels                                                      1 1 2 0
       site 3 gain levels                                                      1 1 2 0
ex, expenditure at the sites                                               0 0 0                                               -
NWind,number of wind classes                                        5                                                     -
WindAssist, wind assistance                                             -0.25 -0.125 0 0.125 0.25               = δK

WindProb, probability distribution                                     0 0 1 0 0                                        = qK

B, expected future reproductive success                             1                                                    = B
{end of file}

With regard to this input file the following notes:
1. The first 50 characters on each line have no meaning. They are skipped by the program. However,

everything after these 50 characters is very meaningful for what the program produces for an
output. Equally important: do not insert any empty lines and do not change the order of the
various parameters. No fancy symbols (e.g. TABS) allowed in this file.

2. The number of sites = departure site + staging sites. Thus, the destination is not included.
3. Depending on the number of sites the number of  data entered changes for many of the variables

listed below. For Y, b0, b1, ex and rewFT the number of values entered should equal NSites.
Likewise for Gains the number of data lines also equals NSites.

4. To provide a large flexibility in the description of time functions a function description using time
co-ordinates is used for the time reward and gain levels. For the time reward, first the number of
points describing the time reward has to be provided followed by a set of co-ordinates. In the
example time reward is described by 3 sets of co-ordinates. Time reward increases linearly from 0
at day 0 to 1 at day 76 after which it linearly decreases again to 0.52 at day 100.

5. For Gains you first have to state the number of points describing gain over time followed by the
set of co-ordinates. Here each co-ordinate has three values representing time, gain and the
standard deviation of the gains at this point. In the example, gain levels at all three sites are
independent of time, which can be described by providing only one single point in time, as the
program automatically assumes gain levels before the first point to be identical to the first point
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and gain levels after the last point to be identical to the last point. In this case gain levels are 2 at
all sites at all times with a standard deviation of 0.

6. You can vary the number of levels for WindAssistance and accordingly WindProb, by changing
NWind.

The calculation of the terminal fitness function is different from the one presented in Weber et al.
(1998) both with respect to the symbols used as with respect to the way it is calculated. Therefore
a short explanation of these calculations using the symbols stated in the table above follows
below:

The TerminalReward at the final destination is the product of the final StateReward and
TimeReward plus expected future reproductive success:

FinalReward=StateReward*TimeReward+BFinalReward=StateReward*TimeReward+B

We first deal with the part TimeReward. The time reward is described by a set of co-ordinates (see
above). If the TimeReward happens to be lower than zero it is set to zero; the TimeReward can
only assume values between 0 and 1. The StateReward is determined by the state of the bird upon
arrival at the final destination. It can assume two forms depending on the value of the variable
sigm:

if sigm=0 thenif sigm=0 then                   {simple step function; see Weber et al.}
         if state>=xc then         if state>=xc then
                  StateReward=1StateReward=1
         else         else
                  StateReward=0StateReward=0

if sigm=1 thenif sigm=1 then                  {sigmoidal function; not in Weber et al.}
        StateReward=(((StateReward=(((exp(s)-exp(s)-exp(-s))/(exp(-s))/(exp(s)+exp(s)+exp(-s)))+1)/2exp(-s)))+1)/2
               where:      s=(w*(state-:      s=(w*(state-xc))xc))

The forward simulationThe forward simulation

The forward simulation program operates using the results from the dynamic program. The
program automatically reads the latest produced output files by the dynamic program.

FREWARD.OUTFREWARD.OUT

SITE1.OUTSITE1.OUT

ETC...ETC...

SITE2.OUTSITE2.OUT

INPUT TASK FILEINPUT TASK FILE

(eg. knotfs.tsk)
on each line, separated by spaces:
1. number of simulations
2. start time
3. start state
4. start site

INPUT FROM KEYBOARDINPUT FROM KEYBOARD

Name of the task file?
Name of the output file?
Every time step written to output file
or only the final result?

MIGRA2FSW.EXE: the MIGRA2FSW.EXE: the forward simulationforward simulation

OUTPUT FILEOUTPUT FILE

with following parameters on each line:
simulation, start time, start state, start site, time, state, site

INPUT FILEINPUT FILE

with characteristics of the
migratory bird and its
migratory route
(e.g. KNOT.INP)
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Analysing data produced by the dynamic program (MIGRA2DPW) and the forwardAnalysing data produced by the dynamic program (MIGRA2DPW) and the forward
simulation (MIGRA2FSW)simulation (MIGRA2FSW)

The data produced by the two programs is in the standard ASCII format and can be imported in
virtually all spreadsheet and graphic programs. To reproduce the decision contour plots as
presented in Weber et al. (1998) using Excel, the data produced by MIGRA2DPW have to be
converted: matrices must be produced with time horizontally, state vertically and in the cells, for
each combination of state and time, the decisions (in principal in Excel these matrices can also be
produced using Pivot Tables under the menu Data, but the Pascal program, described below, has
some additional futures that can come handy).

A Pascal program called MIGRAMXW helps you with compiling such matrices from the standard
.OUT files by MIGRA2DPW. MIGRAMXW not only allows for producing decision matrices but can
also produce reward matrices for you. In the case of the knot, the time and state axes run from 0
to 100 and the decision matrix for each site is consequently 101 x 101 large. Some may find
such large tables too large to handle comfortably in their spreadsheet programs. Therefore
MIGRAMX can be asked to produce matrices where only every xth state and/or time interval is
presented.

In the file DPMACROS.XLS a couple of excel macros are listed that can be used to reproduce
many of the figures found in Weber et al. (1998) These are specially made to give you a quick
start. If adapting the input file for MIGRA2DPW to simulate the migration of your own species, the
macros listed in DPMACROS.XLS may not function optimally anymore, due to chances in the
ranges of cells. However, using the macro editor in excel these problems may be easily solved.
The following macros are available:

FREWARDFREWARD Reads FREWARD.OUT and produces two graphs that show fitness in relation to time
and in relation to state upon arrival at the breeding grounds, respectively. It may
happen that a couple of warnings pop up while running the macro (“selection too
large...”) on which you should answer with OK.

MATRIXMATRIX Produces a surface plot with time horizontally, state vertically and colours indicating
decisions or expected rewards (fitness). Before you run this macro you must run the
program MIGRAMXW. When running either of these two programs, you can choose
either for a decision or a reward output matrix. In case you choose for a decision
matrix , tell the program to multiply the foraging intensity with a factor 10. You must
assign the output file the name MTX.TMP to have the macro run smoothly (otherwise
edit the macro). The excel macro expects to receive a matrix that is 100x100. Try to
get as close to these limits as possible by adjusting the step sizes (otherwise try and
adjust the selected ranges in the macro to get a nice and smooth graph).

FORWARDSIMFORWARDSIM Analyses the output from a forward simulation by MIGRA2FSW. The macro expects
data, where every time step has been written to file, on FS.OUT. Three types of
graphs are produced: (1) average, minimum and maximum state in relation to time,
(2) average, minimum and maximum foraging intensity in relation to time and (3)
number of birds per site in relation to time. Note: for final destination only the
number of arriving birds per day is depicted (because forward simulation stops once
the bird arrives there).

Alphabetical content of the toolboxAlphabetical content of the toolbox

DPMACROS.XLS Excel file with some handy macros to analyse the output of the dynamic
program and the forward simulation.

KNOT.INP Example input file for the dynamic program.
KNOTFS.TSK Example task file for the forward simulation program.
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MIGRADP.DOC Documentation file in Word format.
MIGRA2DPW.EXE Executable of the .PAS file.
MIGRA2DPW.PAS The dynamic program written for use under Windows 3.0 and higher.
MIGRA2FSW.EXE Executable of the .PAS file.
MIGRA2FSW.PAS The forward simulation program written for use under Windows 3.0 and

higher.
MIGRAMXW.EXE Executable of the .PAS file.
MIGRAMXW.PAS Program producing matrices from the dynamic program output, written for

use under Windows 3.0 and higher.

ReferencesReferences

Weber, T.P., Ens, B.J. & Houston, A.I. 1998. Optimal avian migration: a dynamic model of fuel
stores and site use. Evolutionary Ecology 12: 377-401.
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3. 3. Applying Applying DYNAMIGDYNAMIG to the spring migration of Barnacle Geese to the spring migration of Barnacle Geese
breeding on breeding on SvalbardSvalbard

by Jouke Prop, Marcus Rowcliffe

Migration patternMigration pattern

In early spring the Svalbard Barnacle Geese (Branta leucopsis) shift from the wintering grounds in
southwest Scotland to more easterly located saltmarshes along the Solway (Fig.1). From mid-April
onwards geese migrate to Norway, where they stage just south of the Arctic Circle. At the end of
May geese cross the Barents Sea to Svalbard where they aggregate in the few snow-free areas.
Subsequently, after a stay of 2-3 weeks, the geese move to the actual breeding sites, which may
be at a distance of 5-50 km. Owen and Gullestad (1984) give more details on the routes taken
and timing of migration. The other two populations of Barnacle Geese, one breeding at the East
Coast of Greenland, the other in Russia (region of Novaya Zemlya), show similar migration
patterns, with respect to timing and distances covered between staging sites.

Solway Firth

Helgeland

Svalbard

Fig. 1. Map showing the migratory pathway of the Svalbard barnacle goose.
Breeding takes place on Svalbard and wintering on the Solway Firth, with
spring staging in Helgeland.
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Defining the problemDefining the problem

Observations collected in the previous 20 years show that the Svalbard Barnacle Geese expand the
range of their staging area in Norway towards the north. In spring, the occurrence of geese is closely
associated with the flush of growth after snowmelt. The early spring growth provides best opportunities
for accumulating body reserves as food quality rapidly deteriorates throughout the growing season.
Thus, one of the factors causing the shift towards the north could be an increase in spring
temperatures (Prop et al. 1998). In the light of current insight in global warming a continued increase
in temperatures might well occur. As a first exercise, we therefore addressed the question to what
extent a temperature increase in the wintering and spring staging areas would affect reproductive
success of Barnacle Geese. Using the DYNAMIG toolbox, we explored this question under the
premise that the geese retain to their original staging areas (e.g. because elsewhere no suitable
habitat is available). As a second point of interest we explored what would happen if a new area
would become available to the geese on a location slightly more to the north than the current spring
staging area (e.g. by the creation of a non-disturbed reserve). Both situations were examined under
the following additional assumptions:

1. There is a direct relationship between temperatures and phenology of food plants; spring
temperatures show a continuous gradient with geographical latitude.
2. In early spring, fattening is constrained by the length of daylight; the date from which geese
are able to deposit body reserves is set to the 1st of March.

Parameter estimatesParameter estimates

Below, standard settings for the simulation of the migratory behaviour of Svalbard Barnacle
Geese are presented. For the purpose of the simulations we distinguished 3 stop-over sites:
Solway in Scotland, Helgeland in Norway and Svalbard. The distance between the stop-over sites
in Scotland and Norway was set to 1500 km, between Norway and Svalbard to 1500 km and
between this last stop-over and breeding site to 15km. We started the model at the 1st of March
and ran it for a time period of 120 days.

Based on the size and aerodynamic characteristics of the geese, we assumed a flight speed of 80
km/h, or 1920 km/day and a maximum flight range parameter of 11,410 km. Wind assistance
was assumed to vary between –0.25 (i.e. headwind with a ground speed that is 25% less than the
air speed) and 0.25 (i.e. tailwind with a ground speed that is 25% higher than the air speed). On
average, the geese were assumed to have slight headwinds (0.0375 or 3 km/h).

Fig. 2. Net gains (in percentage of maximum fuel load per day) as a function of date
at the three stop-over sites along the migratory flyway of Svalbard Barnacle Geese.
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In the modelling, fuel reserves were expressed as a percentage of maximum fuel load, with 0
representing no fuel stores and 100% representing the maximum fuel load. Also net rate of gain
was expressed in % of maximum fuel load per day. The assumed net rates of gain are depicted in
Fig. 2.

We assumed that the birds had to arrive at the breeding grounds between 2 and 18 June the
optimal arrival date being 10 June. Breeding success was assumed to increase exponentially with
residual fuel stores upon arrival at the breeding grounds. We assumed a baseline mortality over a
100 day period, including spring migration and half of the breeding season, of 0.428% (i.e. 4.28
x 10-5 per day). Furthermore predation risk was assumed to be independent of body mass and
foraging intensity.

Table 1Table 1. Parameter estimates

Nsites - number of staging sites 3
FinalTime - number of time steps 120
Cap, 100
w - determining shape of state dependent fit func 0.0375
xc - determining shape of state dependent fit func 100
sigm - 0:step fit func at x=xc; 1:w & xc determine 1
Y - distances between sites 1500  1500  15
c - flight range parameter (km) 11410
speed - flight speed (km/day) 1920
b0 - predation risk at sites: baseline mortality 4.28E-5  4.28E-5  4.28E-5
b1 - predation risk at sites: coefficient 0 0 0
a - predation risk: mass dependence exponent 0
g - predation risk: intensity dependence exponent 0
nTR - number of points describing time reward 3
nTR * time and fitness describing time reward 94 0   102 1   110 0
Gains - site 1 gain Npoints, x1,y1,p1 x2,y2... 3    1   2 0  50 2 0    60 0 0
          - site 2 gain levels 5  30 –2 0  40 0 0    60 4 0  80 2 0  90 0 0
          - site 3 gain levels 3  60  -2 0  70 0 0  100 2 0
ex - expenditure at the sites 0  0  0
Nwind - number of wind classes 5
WindAssist - wind assistance -0.25 -0.125 0 0.125 0.25
WindProb - probability distribution 0.1 0.2 0.2 0.3 0.2
B - expected future reproductive success 1

ConclusionsConclusions

The predicted migration pattern was close to that observed, with the sequence and timing of sites
used roughly accurate, and no predicted skipping of sites. In this sense it could be said to have
been a successful exercise. However, the insight gained from this baseline exercise was, at least in
the first instance, not spectacular, since it was clear that the outcome was very strongly
constrained by a very obvious aspect of the input - the time dependent gain rates (Fig. 2). Thus,
because stopover sites peak in gain rate at a time dependent on their latitude, it is intuitively
obvious that the optimal behaviour should be to leave one site exactly as its profitability declines
below that of the next, more northerly site, which is increasing in profitability. Not only did the
results of the model confirm this, the conclusion was extremely robust to changes in rates of
predation risk at different sites. This factor therefore appeared to be insignificant to the migration
pattern compared to gain rates.

Within this framework, the results of possible changed environmental conditions that were
explored were also intuitively obvious. First, the effect of advancing the onset of spring on the
wintering and staging grounds was to cause earlier arrival on both stopover and breeding sites.
An additional effect was a lowered average body condition at the onset of breeding as a result of
the widening gap between decline in gain rate on the stopover site and the opening up of the
breeding grounds. Second, the development of an extra potential stopover site a little to the north
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of Helgeland in Norway led to the utilisation of the new site by all birds for a period dependent on
the relative patterns of gain rate. The net result was that average body condition on arrival at the
breeding grounds was improved, since the period over which staging on sites at maximum gain
rate can take place was extended by the addition of the extra site.
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4. 4. Applying Applying DYNAMIGDYNAMIG to the spring migration of Avocet to the spring migration of Avocet

by Hermann Hötker & Bruno J. Ens

Migration patternMigration pattern

Avocets (Recurvirostra avosetta) breeding in Nordfriesland, German Wadden Sea, winter in south-
western Iberian Peninsula and in western France (Hötker 1998; Fig. 1). The current hypothesis is
that the decision for a particular wintering site is made early in life. Once the birds have become
attached to a particular wintering site they seem to keep using that site for the rest of their life.
Young birds are flexible. If their first winter is mild, they stay in France. However, if their first winter
is severe, they move to Portugal or Spain.

                                 

Defining the problemDefining the problem

Two problems emerge from the description of the migration pattern of the Avocets. The first
question is if it is possible to predict the percentage of birds that will use either France or Iberian
Peninsula as wintering site. This question cannot be answered with the current model. The second
question is whether the birds wintering on the Iberian Peninsula should use France as a stopover
site, or whether they should fly directly to the Wadden Sea.

Parameter estimatesParameter estimates

Below the standard settings for the simulation of the migratory behaviour of Avocets breeding in
the Wadden Sea are presented. For the purpose of the simulations we distinguished 2 stop-over
sites: south-western Iberian Peninsula and western France. The distances between the stop-over
sites on the Iberian Peninsula and France and between France and the breeding sites in the
Wadden Sea were both set to 1100 km. We started the model at the 18th of February, which is

Figure 1. Winter sites of 250 Avocets individually colour ringed
in Nordfriesland, Germany.
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on average the date from which the mean ambient temperature rises above 5 ºC on the breeding
grounds. The model was set to run for a period of 100 days.

Our model Avocet had a lean mass of 260 grams and a top-up mass of 450 grams. Based on its
size and aerodynamic characteristics we assumed a flight speed of 51.7 km/h, or 1240 km/day
and a maximum flight range parameter of 8700 km. No wind assistance was assumed during the
migratory flights. In the modelling, fuel reserves were expressed as a percentage of maximum fuel
load, with 0 representing no fuel stores and 100% representing the maximum fuel load of 190 g
with an energy content of 57 kJ. Also net rate of gain was expressed in % of maximum fuel load
per day.

We assumed that the birds had to arrive at the breeding grounds after the 28th of February and
preferably at the 5th of March. From the 28th of February until the 5th of March expected breeding
success increased linearly from 0 to 1, after which it linearly declined again to reach 0 at the 29th

of May. Additionally, to allow for successful breeding, Avocets had to arrive at the breeding
grounds with a residual fuel store of at least 1% of the maximum fuel load. Only mass (M, g)
dependent predation risk was presumed with an instantaneous predation risk ß=2 x 10-6 M2 per
day, which was assumed to be identical at all sites.

Gain levels at the stop-over sites were assumed to be 10% (of maximum fuel load per day) with a
standard deviation of 3% and independent of site and time of the year. Energy expenditure for
birds staying at the Iberian peninsula was only 6% whereas it was 9% (of maximum fuel load per
day) for birds staying in France.

Table 1Table 1. Parameter estimates

Nsites - number of staging sites 2
FinalTime - number of time steps 100
Cap, 100
w - determining shape of state dependent fit func 0.2
xc - determining shape of state dependent fit func 1
sigm - 0:step fit func at x=xc; 1:w & xc determine 0
Y - distances between sites 1100  1100
c - flight range parameter (km) 8700
speed - flight speed (km/day) 1240
b0 - predation risk at sites: baseline mortality 0 0
b1 - predation risk at sites: coefficient 2E-6 2E-6
a - predation risk: mass dependence exponent 2
g - predation risk: intensity dependence exponent 0
nTR - number of points describing time reward 4
nTR * time and fitness describing time reward 0 0   10 0  15 1  100 0
Gains - site 1 gain Npoints, x1,y1,p1 x2,y2... 1  30 10 3
- site 2 gain levels 1  30 10 3
- site 3 gain levels 1  30 10 3
ex - expenditure at the sites 6 9
Nwind - number of wind classes 5
WindAssist - wind assistance -0.25 -0.125 0 0.125 0.25
WindProb - probability distribution 0 0 1 0 0
B - expected future reproductive success 1

ResultsResults

The majority of the Avocets departing from the Iberian Peninsula were predicted to skip France
and fly directly to the Wadden Sea. However, a few birds would land in France and then fly
almost immediately onwards to the Wadden Sea (Fig. 2). This happened in several simulations
and an inspection of the policy diagram for Avocets staying on the Iberian Peninsula (Fig. 3)
suggests that it could be due to quite minute variations in the combinations of state and time.



Linking dynamic migration models to the real world

53

ConclusionConclusion

One interpretation of the results is that under average conditions all Avocets from the Iberian
Peninsula fly directly to the Wadden Sea. However, they do have the option to stopover in France
and if they suddenly encounter bad weather conditions they might well be prepared to do so.
Indeed, field data suggest that Avocets migrating from the Iberian peninsula to the Wadden Sea
only exceptionally stop in France.
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Figure 3. Policy diagram for birds staging in the south-west of the Iberian Peninsula.
For each combination of state (vertical axis, % of maximum fuel load) and time
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major decisions (stay and forage, migrate to France and migrate to Wadden Sea
(small black boxes and black line)are depicted.
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5. 5. Applying Applying DYNAMIGDYNAMIG to the spring migration of  to the spring migration of Bewick’s SwansBewick’s Swans

by Marcel Klaassen, Jan Beekman & Bart Nolet

Migration patternMigration pattern

Bewick’s Swans (Cygnus columbianus bewickii) spend the winter in north-western Europe. The
centre of their breeding distribution is the Pechora delta in northern Russia. Both during autumn
and spring migration, Bewick’s Swans rely heavily on water plants notably Fennel Pondweed of
which they consume the starch-rich below-ground tubers. It is the limited availability of water
plants along their migratory route that probably forces Bewick’s Swans to use a number of distinct
stop-over sites with an abundant availability of aquatic vegetation. During spring the Bewick’s
Swans fly from The Netherlands, via Germany to the Baltic Sea, notably Estonia, then onwards to
the White Sea after which they continue to the Pechora delta area (Fig. 1).

                       

Defining the problemDefining the problem

The goal of our current research program is to understand and eventually predict the swan’s
reliance on aquatic vegetations as these occur in habitats substantially threatened by
eutrophication and land-reclamation. Obviously, a large number of potentially important factors
determine the swans’ migratory decisions, among others food availability, energy expenditure,
predation, disturbance, weather conditions, and number and distribution of potential stop-over
sites. Moreover, there is a fair amount of stochasticity in these elements. Therefore, we chose to
use Stochastic Dynamic Programming to model the swan’s behaviour during migration. Using
educated guesses for the many variables at first, this framework will help us to identify the critical
variables determining the migratory behaviour of Bewick’s Swans and guide our empirical
research.

In this example the impact of a difference in flight costs is presented. Many avian ecologist have
applied aerodynamic theory (e.g. Pennycuick 1989) to predict the flight costs of migratory birds.
Recently, wind tunnel research has indicated that a major parameter in these calculations, the
body drag coefficient, has been overestimated substantially in the past (Pennycuick et al. 1996).
For the case of the Bewick’s Swan this modification of the aerodynamic models has led to an
increase of the potential flight range in Bewick’s Swans with more than 30%. Here, we will

PechoraPechora
5 June
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investigate the impact of this adjustment on the predictions of habitat use by Bewick’s Swans
during their spring migration.

Parameter estimatesParameter estimates

Below, the standard settings for the simulation of the migratory behaviour of Bewick’s Swans are
presented. For the purpose of the simulations we distinguished 4 stop-over sites: The Netherlands,
northern Germany, Estonia, and White Sea. The distances between The Netherlands and
Germany was set to 400 km, between Germany and Estonia to 1100 km, between Estonia and
White Sea to 1000 km and, finally, between White Sea and the breeding grounds in the Pechora
Delta to 750km. We started the model at the 16th of February and ran it for a time period of 112
days.

Our model Bewick’s Swan had a maximum body mass of 7 kg and a lean mass of 5.65 kg. The
air speed of Bewick’s Swans is about 72 km/h or 1728 km/day. However, as our satellite
telemetry data indicate that swans make regular landfalls we halved this value to 864 km/day.
We used two flight costs estimates that were calculated using the calculation method of
Pennycuick (1989). We first applied the old body drag coefficient of 0.25 yielding a flight range
parameter of 5,454 km. Subsequently we applied the new body drag coefficient of 0.10 which is
based on the findings by Pennycuick et al. (1996) yielding a flight range parameter of 7,094 km.
These values correspond to potential flight distances of 1556 and 2023 km respectively. We did
not take wind assistance into account.
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In the modelling, all energy dimensions are expressed in units of 500kJ or 0.5 MJ. A Bewick’s
Swan with a maximum fuel load had 81 units of 0.5 MJ or 40.5 MJ of fuel stores. The same units
were used in Table 1 to express expected daily energy expenditure (2.4 MJ/day at all sites) and
gain levels. Based on extensive field and laboratory research expected metabolisable energy
gains at the various sites in relation to day number are presented in Fig. 2. In the Netherlands
and Germany the birds feed mainly on grass meadows in spring, which form a continuously

Fig. 2. Expected gain (MJ/day) for Bewick’s
Swans in relation to time and staging site. Data
from Beekman et al., unpublished.
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renewing food supply. In contrast, in Estonia and the White Sea the birds feed on the tubers of
Fennel Pondweed, which are depleted in the course of spring.

We assumed that the birds had to arrive at the breeding grounds on day number 102 or May 28.
Earlier arrival was impossible and later arrival resulted in a substantial reduction of the breeding
success. Only birds arriving at the breeding grounds with a residual fuel store of at least 0.5 MJ
were able to breed successfully. Only mass (M, g) dependent predation risk was presumed with
an instantaneous predation risk ß=1 x 10-8 M2 per day, which was assumed to be identical at all
sites.

Table 1Table 1. Parameter estimates

Nsites - number of staging sites 4
FinalTime - number of time steps 112
Cap, 81
w - determining shape of state dependent fit func 0.05
xc - determining shape of state dependent fit func 1
sigm - 0:step fit func at x=xc; 1:w & xc determine 0
Y - distances between sites 400 1100 1000 750
c - flight range parameter (km) 5454/7094
speed - flight speed (km/day) 864
b0 - predation risk at sites: baseline mortality 0 0 0 0
b1 - predation risk at sites: coefficient 1E-8 1E-8 1E-8 1E-8
a - predation risk: mass dependence exponent 2
g - predation risk: intensity dependence exponent 0
nTR - number of points describing time reward 3
nTR * time and fitness describing time reward 101 0  102 2  103 1
Gains - site 1 gain Npoints, x1,y1,p1 x2,y2... 3 -14 2.648 0 14 5.367 0 21 6.441 0
          - site 2 gain levels 3 -14 2.27 0 24 6.318 0 34 6.87 0
          - site 3 gain levels 5 -14 0 0 44 0 0 45 16.42 0 58 16.42 0 81 0 0
          - site 4 gain levels 6 -14 0 0 74 0 0 75 10.1 0 0 81 10.1 0 102

0.878 0 104 0 0
ex - expenditure at the sites 4.796 4.796 4.796 4.796
Nwind - number of wind classes 1
WindAssist - wind assistance 0
WindProb - probability distribution 1
B - expected future reproductive success 1

ResultsResults

After constructing policy diagrams for Bewick’s Swans with low and high body drag coefficients
(and, thus, flight costs), we ran a total of 1600 forward simulations to estimate the effect of flight
cost and initial state on migratory success for birds staying in The Netherlands on the 16th of
February. In Fig. 3, the percentage of birds that reached the breeding grounds or stranded in one
of the stop-over sites is depicted for low (left panel) and high (right panel) flight costs. Clearly, the
range of body conditions still resulting in a successful migration to the Pechora delta is much
wider under the low flight cost scenario than under the high flight cost scenario.
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ConclusionsConclusions

This example is, and we hope for many among the readers a redundant, warning that despite the
advent of fast computers and sophisticated mathematical models, the need of good ecological
and physiological data remains cardinal. It is perhaps an embarrassing fact that we are close to
celebrating the centennial of motorised aviation while we are still not familiar at all with details of
bird flight.
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Fig. 3. Results of 1600 forward simulations depicting the percentage of birds reaching the
breeding grounds (Pechora delta) or stranding in one of the previous stop-over sites (White Sea,
Estonia, Germany or The Netherlands) in relation to initial state in The Netherlands at the16th of
February for low (left panel) and high (right panel) flight costs. With stranding we identify the
moment where the particular individual has lost the possibility to reach the breeding grounds in
time to reproduce successfully. Stranded birds may well continue their northward migration for
other reasons than reproducing this season.
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6. 6. Applying Applying DYNAMIGDYNAMIG to the spring migration of  to the spring migration of SanderlingsSanderlings
breeding in Greenlandbreeding in Greenland

by Thomas P. Weber, Gudmunder A. Gudmundsson & Peter R. Evans

Migration patternMigration pattern

The migration patterns of Sanderling (Calidris alba) passing through Iceland in spring have been
reviewed by Gudmundsson and Lindström (1992). They concluded that at least a quarter, but not
all, of the NE Greenland breeding population stop in SW Iceland. Some of these birds are known
to winter at Teesmouth in NE England. Others winter much further south on the eastern Atlantic
coasts as far as Ghana. The spring passage through Britain involves stopover sites on both the
East Coast (including Teesmouth - Pienkowski and Evans 1984) and the west (Ferns 1980). Some
birds using the West Coast depart with body masses thought to be sufficient for a non-stop flight
to Greenland (Fig 1).

The direct line of flight from Teesmouth to NE
Greenland would lie to the north and east of
Iceland. The direct line of flight from Teesmouth to
Iceland would pass over the Western Isles of
Scotland (Hebrides), where several thousand
Sanderling are known to stage in most springs.
None of the 400+ individually colour-ringed
Sanderlings from the Teesmouth wintering
population has been seen in the Hebrides.
However, one has been seen in NW Scotland.

Defining the problemDefining the problem

Using the model of optimal migration strategies, the
following questions were addressed:
1. Should Sanderlings from Teesmouth stage at
the Hebrides on their way to Iceland? If so, under
what conditions?
2. Under what circumstances should Sanderlings
fly directly from Britain to NE Greenland, rather than making a dog-leg journey via Iceland and
staging there if circumstances demand?

Parameter estimatesParameter estimates

For the purpose of the simulations we distinguished 3 stop-over sites: Teesmouth, Hebrides, SW
Iceland. The distances between Teesmouth and Hebrides was set to 500 km, between Hebrides
and Iceland to 1150 km and between SW Iceland and NE Greenland, to 1450 km. The
alternative non-stop Teesmouth – NE Greenland migratory distance was set to 2600 km. We
started the model at 12 April and ran it for a time period of 70 days until 20 June. By this date
most Sanderling that choose to nest in NE Greenland in a particular year have laid (Pienkowski &
Green 1976).

Our model Sanderling had a lean mass of 50 grams. Based on its size and aerodynamic
characteristics we assumed a flight speed of 50 km/h, or1200 km/day and a maximum flight
range parameter of 11,400 km. Wind assistance was assumed to vary between –0.5 (i.e.
headwind with a ground speed that is 50% less than the air speed) and 0.5 (i.e. tailwind with a
ground speed that is 50% higher than the air speed). On average, birds flying via Iceland were

Figure 1.Figure 1.  Migration routes of Sanderlings from
Britain to NE Greenland.
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assumed to have slight headwinds, whereas birds flying directly to Greenland were assumed to fly
in still air.

In the modelling, fuel reserves were expressed as a percentage of lean mass, with 0 representing
no fuel stores and 100% representing the maximum fuel load. Also net rate of gain was expressed
in % of lean mass per day. For Teesmouth, Hebrides and Iceland we assumed net rates of gain of
0.02, 0.03 and 0.06% of lean mass per day (i.e. 1.0, 1.5 and 3 g of fresh mass per day).

We assumed that the birds had to arrive at the breeding grounds between 31 May and 19 June
with a residual reserve level of at least 10% to allow for breeding. We assumed a baseline
mortality over a 100 day period, including spring migration and half of the breeding season, of
2.5% (i.e. 2.5 x 10-4 per day). This is based on data by Evans and Pienkowski (1984) who
estimated a mortality of approx. 5% between leaving Teesmouth for the breeding areas and
return to Teesmouth after the breeding season). Furthermore predation risk was assumed to
increase with body mass but to be independent of the foraging intensity.

Table 1Table 1. Parameter estimates

Nsites - number of staging sites 3!*1

FinalTime - number of time steps 70!

Cap, 100
w - determining shape of state dependent fit func 0.1
xc - determining shape of state dependent fit func 10
sigm - 0:step fit func at x=xc; 1:w & xc determine 0
Y - distances between sites 500  1150  1450*2

c - flight range parameter (km) 11400
speed - flight speed (km/day) 1200
b0 - predation risk at sites: baseline mortality 2.5E-4  2.5E-4  2.5E-4!

b1 - predation risk at sites: coefficient 1E-7 1E-7 1E-7!

a - predation risk: mass dependence exponent 2!

g - predation risk: intensity dependence exponent 0!

nTR - number of points describing time reward 5
nTR * time and fitness describing time reward 0 0   49 0   50 1   69 1   70 0
Gains - site 1 gain Npoints, x1,y1,p1 x2,y2... 1  1  0.02! 1
          - site 2 gain levels 1  1  0.03! 1
          - site 3 gain levels 1  1  0.06! 1
ex - expenditure at the sites 0  0  0
Nwind - number of wind classes 5
WindAssist - wind assistance -0.5 -0.25 0 0.25 0.5
WindProb - probability distribution 0.18 0.40 0.30 0.10 0.02*3

B - expected future reproductive success 0.5

*In case a direct flight from Teesmouth to NR Greenland was modelled these parameters changed as follows:
12, 22600 km, 30.15 0.30 0.20 0.30 0.15
!Parameters that were varied in the eight different simulations.

SimulationsSimulations

To compare the two alternative migration routes (migration from Teesmouth to NE Greenland via
Hebrides and SW Iceland versus non-stop flight Teesmouth to NE Greenland) we used different
runs. For this purpose we adjusted the number of staging sites, flight distance and wind conditions
in the input data sheet (Table 1).

In Simulation 1, the model was run using the settings as depicted in Table 1, both for the case of
a stepping-stone migration from Teesmouth to NE Greenland via Hebrides and SW Iceland and
for the non-stop alternative from Teesmouth directly to NE Greenland. In Simulation 2, we
additionally changed the predation risk coefficient (b1) from 10-7 to 10-9. We also changed the
net rate of gain at Teesmouth from 0.02 to 0.04 % of lean mass per day. In Simulation 3, we
tried to simulate the effect of a major environmental change resulting in a reduction of the
migratory period by either a later availability of the food at Teesmouth or by an advance in the
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optimal breeding date in the arctic as a result of global climate warming. To this end, on top of
all the changes made in simulation 2, we additionally postponed the onset of fattening with 15
days, starting April 27. The total number of time steps was thus reduced from 70 to 55.

In Simulation 4, we again departed from simulation 2, additionally reducing the net rate of gain
at the Hebrides from 0.030 to 0.025 % of lean mass per day. In Simulation 5, we made a
combination between simulation 3 and 4. Departing from the settings in simulation 2 we reduced
the net rate of gain at the Hebrides from 0.03 to 0.02 % of lean mass per day and the start of
fattening 15 days later at April 27.

In Simulation 6, the effect of the various sources of mortality were investigated in combination with
increases in the net rate of gain. Departing from the settings in Table 1, baseline mortality (b0)
was reduced from 2.5 x 10-4 to 10-5. The predation risk coefficient (b1) was increased from 10-7

to 10-5. Predation was made mass independent by changing the mass dependence exponent (a)
from 2 to 0. Predation was therefore made foraging-intensity dependent by changing the intensity
dependence exponent (g) from 0 to 1. The net rate of gain at Teesmouth was increased fourfold
from 0.02 to 0.08, at the Hebrides from 0.03 to 0.04 and at Iceland from 0.06 to 0.08 % of
lean mass per day.

In Simulation 7, simulation 6 was run using the short migratory season variant starting April 27.
In Simulation 8, only the 2600 km direct route from Britain to Greenland was addressed. The
wind patterns between Britain and Iceland during May are normally reasonably favourable. Those
between Iceland and Greenland usually involve a northerly component associated with the polar
anticyclone over the Greenland ice-cap. In this simulation the wind conditions between Britain
and Greenland were made less favourable.

Results and conclusionsResults and conclusions

Simulation 1 is unrealistic as it predicts that all
Sanderlings should leave Teesmouth by the 1st of
May and fly to the Hebrides, whereas most
Sanderlings do not leave Teesmouth until at least
2 weeks later (Fig. 2 upper panel). This simulation
also predicts that the departure state from
Teesmouth involves fat levels of about 1 % of the
lean mass of 50 g (Fig. 2 lower panel), i.e.
departure masses of about 56 g. This is far lower
than the 70-85 g measured in reality.

In Simulation 2, where the feeding conditions at
Teesmouth (and hence the rate of gain of mass)
are assumed to be better than in the Hebrides,
shows that part of the birds skip the Hebrides.
However, it still predicts a too early a departure
from Teesmouth (Fig. 3 upper panel). The average
departure mass at Teesmouth 75 g (= departure
state of 50% reserves) is more realistic (Fig. 3
lower panel).

In Simulation 3, where birds were prevented from depositing fuel stores until the 27th of April,
departures from Teesmouth and arrivals in Greenland were predicted to be later.

Simulation 4 gave results very similar to Simulation 2, despite the lower rate of mass gain in the
Hebrides. When, as in Simulation 5, the rate of mass gain in the Hebrides was lowered even
further and combined with a later availability of food at Teesmouth (not until 27th of April), the
Sanderlings skipped the Hebrides (Fig. 4 upper panel). This simulation

Figure 2.Figure 2. Results of Sanderling simulation 1: (upper
panel) predicted pattern of site use, (lower panel)
predicted pattern of mass gain.
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Figure 4. Figure 4. Results of Sanderling simulation 5: (upper
panel) predicted pattern of site use, (lower panel)
predicted pattern of mass gain.

simultaneously resulted in low departure masses from Teesmouth (less than 70 g or 40% of lean
mass) and late departure from Iceland/arrival into Greenland (in first 10 days of June) (Fig. 4
lower panel).

In Simulation 6, where a major change in
mortality and rate of mass gain parameters was
programmed, the predicted flight strategies
were very similar to the ones obtained in
Simulation 2 (Fig. 3). However, departure
masses from Teesmouth were higher (approx.
as found in reality) and the departure masses
from Iceland much higher (above those
normally found) than found in Simulation 2.
Departure from Teesmouth was still predicted
too early in the season. In Simulation 7, where
the migratory season was additionally
shortened, a mid-May departure was still being
predicted. The arrival in Greenland was late.

Simulation 8 predicted that birds would stay at
Teesmouth until the beginning of June and then
fly directly to Greenland (Fig. 5 upper panel)
with average departure masses of about 100 g
(state of reserves = 100% of lean mass) (Fig. 5
lower panel). This is seen in some years.
However, the simulation predicted that many arrival masses would be low (only just above lean
mass).

General commentGeneral comment

The model incorporates no energetic costs of using a stopover. Delay of 1-2 days in being able to
begin fat deposition and the cost of climbing again to cruising height might have led to skipping
of the very short stopover predicted for the Hebrides.

Figure 3.Figure 3. Results of Sanderling simulation 2: (upper
panel) predicted pattern of site use, (lower panel)
predicted pattern of mass gain.

Figure 5.Figure 5. Results of Sanderling simulation 8: (upper
panel) predicted pattern of site use, (lower panel)
predicted pattern of mass gain.
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7. Applying 7. Applying DYNAMIGDYNAMIG to  to Greylag Geese breeding in SwedenGreylag Geese breeding in Sweden

by Leif Nilsson

IntroductionIntroduction

The attention during the workshop focused on the neck-banded Greylag Goose population
breeding in southernmost Sweden, migrating to Spain and the Netherlands. The other marked
population, from Norway, was considered but we did not have time to work with it.

Migration patternMigration pattern

The Greylag Geese breeding in southwestern Sweden have been neck-banded since 1984.
Intensive checks are undertaken in breeding areas and on staging and wintering areas, yielding a
database with more than 50.000 observations. In short, the Greylag concentrate in flocks in late
summer and early autumn in the breeding area in one or two roosts. The main departure is in
October/November, being related to the deterioration of the food resources. During the first
years geese fed on stubbles but in the last few years they have been feeding on sugar beet spill
after the harvest and have stayed longer in Sweden.

Most Greylag migrate directly to the Netherlands, but some leave Sweden earlier and stage for a
period on other sites in Denmark and Germany. The latter are mostly to be regarded as late-
summer early autumn sites, the geese later migrating to the Netherlands.

During the first years of the study the majority of the geese spent the winter in the Guadalquivir
Marismas in Spain, migrating to Spain after a short stop in the Netherlands, arriving in Spain
mainly in November. A proportion of the Greylag stayed for the winter in the Netherlands
concentrating in the Delta area. The proportion wintering here has increased over the years and
now more than 50% of the population winters in the Netherlands.

In Spain, a staging area in the north has been established in recent years (Villafafila). This locality
is used both on autumn migration and during spring migration. Moreover, in case of bad
conditions in the Marismas, the geese move to Villafafila early in the season. The Greylag start to
leave Spain mostly during February. In spring, at least some of them stage for a few days in the
Netherlands. Figure 1 shows the major staging and wintering sites.

During wintering, birds start to leave in February or January in mild years. They arrive earlier in
Sweden than Spanish wintering birds. In mild winters a high proportion of the breeding birds are
back in the breeding areas already in February. Marked differences in survival are found between
Greylag wintering in the Netherlands and Spain, those wintering in Spain suffering a high
mortality in some years. Moreover, the breeding success of Greylag wintering in the Netherlands
is much higher than for the Greylag wintering in Spain. Differences in breeding success were also
found for pairs where both survived the winter and when differences in arrival pattern were
compensated for.

Norwegian Greylag Geese have a quite different migration pattern, arriving earlier in the
Netherlands (Aug/Sept), staging there till November, leaving for Spain after the Swedish birds.
Those wintering in Spain arrive later than the Swedish and stay much longer. In spring Spanish
wintering Norwegian Greylag stage for a period in the Netherlands before departing in April. A
number of Norwegian birds do also winter in the Netherlands.
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Defining the problemDefining the problem

We first tried to tackle the problem of contrasting the geese wintering in the Netherlands and in
Spain with different survival prospects, but eventually we concentrated on the spring migration
from Marismas to staging in Villafafila and then migrating to Sweden. We also worked a little with
the migration from Marismas to the Netherlands and then to Sweden.

Parameters usedParameters used

We had data on different survival on the different winter and staging areas (hunting mortality) and
on the reward function (number of fledged young produced related to arrival time) (Fig. 2a&b).
On the other hand we lacked data to construct reliable gain functions etc. Part of the missing
information might be available or we could have had better input data for the computations if
Maarten Loonen and I could have continued the work on input parameters that started before the
meeting.

Figure.1: Major staging and wintering sites of Greylag Geese
breeding in Sweden
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Table 1Table 1. Parameter estimates

NSites, number of staging sites          2
FinalTime, number of timesteps 200
Cap, relative load 41
w, determining shape of state dependent fit func 0.02
xc, determining shape of state dependent fit func 1
sigm, 0:step fit func at x=xc;1:w & xc determine 0
Y, distances between sites 500 2100
c, flight range parameter 16471
speed, flight speed 1920
b0, predation risk at sites: baseline mortality 0.0072 0.00021
b1, predation risk at sites: coefficient 2E-8 2E-8
a, predation risk: mass dependence exponent 0
g, predation risk: intensity dependence exponent 1
nTR, number of points describing time reward 3
nTR * time and fitness describing time reward 120 0 140 1 200 0
Gains, site 1 gain Npoints, x1,y1,p1 x2,y2... 1 24 2 0
       site 2 gain levels 1 30 2 0
ex, expenditure at the sites 0.960 1.295
Nwind, number of wind classes 5
WindAssist, wind assistance -0.25 -0.125 0 0.125 0.25
WindProb, probability distribution 0 0 1.0 0 0
B, expected future reproductive success 1

Figure 2: Empirical data on the effect of arrival time on breeding success, an
important function in the dynamic programming model of migration. (a) Mean
number of fledged chicks (1989-1992) as a function of relative arrival time
(days) on the breeding grounds. (b) Probability of successfully raising a brood
as a function of relative arrival time (days) on the breeding grounds.

(a)

(b)
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Conclusions on the modelConclusions on the model

There was no time to do more than a few runs on the model. The chart included (Fig. 3) shows a
modelling of the migration from Marismas - Villafafila - Sweden. The model would probably work
reasonable with good input values on gain functions for the different sites. It clearly shows a short
stay in Marismas under the heavy mortality regime used in the computation, but the gain function
should probably differ more between the sites.
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Figure 3: Output from a forward simulation run of the model on the migration from
Marismas (site 1) - Villafafila (site 2) – Sweden (site 3). Birds are predicted to depart
from Marismas between day 5 and 10 and stay in Villafafila for more than 4
months, before departing to Sweden.
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8. 8. Short description of the application of DYNAMIG on the springShort description of the application of DYNAMIG on the spring
migration of Dark-bellied Brent and Pink-footed Goosemigration of Dark-bellied Brent and Pink-footed Goose

by Bart S. Ebbinge, Jaap van der Meer & Richard A. Stillman

Dark-bellied Brent GeeseDark-bellied Brent Geese

Dark-bellied Brent Geese (Branta b. bernicla) breed along the coast of northern Siberia and
winter in north western Europe. One of the major wintering sites and fuelling stations before
spring departure is the Wadden Sea. Approximately halfway along the 4600 km long migratory
route from Wadden Sea to Taimyr, northern Siberia (Fig.1), the White Sea in northern Russia
functions as an important refuelling site for the Brents. The aim of the simulations was to assess
the importance of the White Sea for a successful completion of a migratory journey.

First of all, the simulations indicated that Brent are highly dependent on favourable winds (tail
winds) for migration. Furthermore, it was discovered that the reliance on staging in the White Sea
depends on departure from the Wadden Sea. Brent leaving the Wadden Sea before the 20th of
May have to rely on the White Sea to put on sufficient resources to enable breeding in Taimyr.
Birds staying in the Wadden Sea after this date will have to put on the required reserves for
breeding in the Wadden Sea and carry it all the way to northern Siberia.

           

ReferencesReferences

Ebbinge,B.S. 1989. A multifactorial explanation for variation in breeding performance of Brent
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Fig. 1. Migratory flyway of Dark-bellied Brent.
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Svalbard Pink-footed GooseSvalbard Pink-footed Goose
by Marcel Klaassen, Jesper Madsen

Habitat loss and change may have great impact on migratory birds. DYNAMIG may assist in
assessing the impact of such changes, especially since it allows to take the flexibility potential in
the migrants behaviour into account; the behavioural rules of the migrants may be flexible
enough for the birds to produce optimal behaviour in the changed environment, or the rules may
result in sub-optimal behaviour (Weber et al. 1999). For Pink-footed goose we assessed the
impact of behavioural flexibility in relation to a recent change in the management of one of their
major staging sites by local farmers.

                

Pink-footed Goose (Anser brachyrhynchus) wintering in The Netherlands and Denmark breed on
arctic Svalbard. During spring migration (Fig. 2) they have a major stop-over site in northern
Norway where they have the last possibility to put on reserves before crossing of the Barents Sea
to Svalbard. Recently, the feeding conditions for geese in this part of Norway have deteriorated,
as local farmers have started an intensive campaign to reduce grazing damage (Madsen 1995).
We aimed at elucidating the impact of this new situation on the geese. We therefore used the
DYNAMIG framework to calculate the optimal behavioural strategy for migration (i.e. a set of
decision rules or, to remain in Stochastic Dynamic Programming terms, a decision matrix) in the
presence (scenario 1) and absence (scenario 2) of campaigning farmers in northern Norway.
Thus under scenario 1 geese would show behaviour specifically adapted to deteriorated food
conditions in northern Norway whereas under scenario 2 they would not. Nevertheless, it
appeared that the poorer foraging conditions in northern Norway due to campaigning had no

0km      400

Fig. 2. Migratory flyway of Svalbard Pink-footed Goose.

Svalbard

Norway
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effect on the optimal behavioural strategy of the geese. Thus also under the newly emerged
conditions the geese still behaved optimally when using their old behavioural strategy.

ReferencesReferences

Madsen, J. Impacts of disturbance on migratory waterfowl. Ibis 137: S67-S74.

Weber, T.P., Houston, A.I. & Ens, B.J. 1999. Consequences of habitat loss at migratory stopover
sites: a theoretical investigation. Journal of Avian Biology 30: 416-426.
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9. 9. New modelsNew models

1. New model for the fall migration of 1. New model for the fall migration of Dunlin from AlaskaDunlin from Alaska

by Colin Clark

Defining the problemDefining the problem

The modelling in DYNASHOP concentrated on spring migration as this migration journey has the
most clearly defined reward function. However, fall migration is equally important and interesting.
There is much data available on Dunlin migrating from their breeding grounds in Alaska along
the coast of eastern Canada to the south. The first question that a model should address is when
to depart from Alaska?

Outline of  the modelOutline of  the model

1. Time: Sept 1 - Oct 31: T=61

2. State variables:

x(t) = energy reserves
single site (Alaska Peninsula)
W(t) = wind conditions (good/bad)

3. Decisions:

Feeding intensity?
When to migrate?

4. Dynamics

- standard flight model
- wind speed = w(t)
- feeding
- predation risk: lower in Alaska

5. Fitness

F(x,t) = max Probability of completing the migration, given X(t)=x

Expected predictionsExpected predictions

Probably, optimal reserves will increase with increasing time (Fig. 1). At the same time there may
be a migration threshold (defined in terms of energy reserves) that goes down with increasing
time. When the optimal reserves equal the migration threshold the birds should leave.
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Other considerationsOther considerations

Many more interesting questions could be addressed for this system:
1. Fly in flock?
2. Abort en route?
3. Juveniles/adults: imprinting?
4. When & where to moult?

Investigating these questions requires the definition of additional state variables and/or additional
decision variables.
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2. New model for Avocets migrating from Portugal2. New model for Avocets migrating from Portugal

by Colin Clark & Hermann Hötker
Defining the problemDefining the problem

Avocets wintering in Portugal are much further removed from their breeding grounds compared to
Avocets wintering in France. As a result it is conceivable that the birds in France are able to read
the onset of spring from the current climate conditions, whereas the birds wintering in Portugal
cannot. This would mean that the Portuguese birds must base the timing of their migration on the
their expectations of the onset of spring on the breeding grounds, whereas the French birds may
make their migration decision conditional upon the prevailing weather conditions. However,
Portuguese birds do have the option to land in France to judge the local weather conditions. The
current model is built to find out if there are conditions where it would pay the Portuguese birds to
include a stopover in France as part of their migration strategy. The model should also tell us
whether birds using the stopover in France should depart at a different date compared to the birds
flying directly to the Wadden Sea.

Outline of the modelOutline of the model

1. Time:

t: days (Feb. 15 - May 15: T=90)

Figure 1. Hypothetical diagram depicting how the optimal migration threshold
drops as the season progresses. A fattening bird should depart when its level of
reserves  hits the migration threshold.
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2. State Variables:

None

3. Strategies:

#1 Fly nonstop to Wadden Sea: F1(t)
#2 Stopover in France: F2(t)

Decision: when to leave Portugal

4. Stochastics:

1) qi=daily survival rate, site I
q(France) < q(Portugal)
(2) s = start of Spring in Wadden Sea
p(s) = Prob(spring starts on day s)

Assumption:
Birds in France know when s occurs (not in advance)
Birds in Portugal don’t know (but do “know” p(s))

5. Fitness:

ϕ(t;s)=Exp. RS (incl. RV) of a bird that arrives at WS, given s
ϕ(t;s)= ϕ0(t-(s-E(s))

6. Dynamic programming equation:

First, let F(ta) = fitness of a bird that arrives in France at ta
Then F(ta)=�(from s=0 to ta +1) p(s) ϕ0(ta -(s-E(s)) + �(from s= ta +2 to T) p(s)q(France)s- ta -1.
ϕmax

Strategy #1: Nonstop

F1(t)=RV for t=T-2, T-1, T and for t<T-2
F1(t)=max of q(Portugal) F1(t+1) [stay]
or S(from s=0 to t+2)p(s) ϕ0(t+2+E(s)-s) [go]

Strategy #2: Stopover

F2(t)=RV for t=T-2, T-1, T

Otherwise
F2(t)=max of q(Portugal) F2(t+1) [stay]
or F(t+1) [go]

7. Parameters & functions:

qi = survival rates
p(s) = distance of s
ϕ0(t) = reproductive output
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3. Modifying the terminal fitness reward function to increase the realism of the model for the3. Modifying the terminal fitness reward function to increase the realism of the model for the
Bewick’s SwanBewick’s Swan

by Bart Nolet, Jan Beekman & Ron Ydenberg

The problemThe problem

Spring can be early or late in the high arctic. In general, arriving early is important, because time
is short. However, arriving early will not be beneficial when spring is late. It is assumed that the
swans cannot predict the timing of spring while in their winter quarters, just like it was assumed for
the Avocets wintering in Portugal. Birds arriving early when spring is late will have to wait without
being able to feed or breed. The idea is to incorporate this annual stochasticity in spring
conditions in the reward function, via the amount of time and the amount of reserves that the
birds have to spent while waiting for the right weather conditions.

Model formulation

t = time in Julian days
t0 = onset of spring at breeding site
ta = arrival at breeding site
tb = time breeding begins

1. Probability density function of spring onset dates is probably a bell-shaped curve between day 92
and 112 that must be empirically determined from weather data p(t0=t)

2. When can breeding begin?

tb = t0 if ta � t 0 [wait if spring hasn’t begun by arrival]
tb = ta if ta > t0 [begin immediately if spring has begun]

3. Reserves (xb) at start of breeding

xb=xa-( t0- ta)e if ta � t 0 [reserve penalty if early], where e is a conversion factor to translate
time spent waiting in loss of reservers
xb= xa if ta � t 0

4. Terminal fitness function

“time-benefit”
K(tb, t0) = probability of successfully completing breeding, which falls as breeding is
delayed=1+(92- tb)*0.05
Birds do not breed before day 92 and the starting probability is set to 1, but there is no
reason why this could not be lower. The rate of decrease is set at 5%, so the maximum
waiting time is 20 days.

“state benefit”
R(xb)=number of eggs laid (depends on reserves), or number of eggs hatched
R(xb)=( xb -xcrit)/r if xb � xcrit

R(xb)=0 if xb < xcrit

where r is the amount of reserve per egg
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ConclusionConclusion

With these slight modifications we believe that the terminal fitness function now has a reasonable
and less arbitrary interpretation. It is the expected number of young to be reared as a function of
reserves and breeding date:

F(x,t,N)=(�(t=92 to 112)p(t0=t)K(tb, t0)R(xb))+B

In this equation B is the residual reproductive value.
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Project proposal:Project proposal:

10. 10. Modelling the effect of man-induced habitat change and habitModelling the effect of man-induced habitat change and habitatat
loss on migratory waterfowl and loss on migratory waterfowl and waderswaders

by Marcel Klaassen, Bruno Ens & Theunis Piersma

Summary of the proposalSummary of the proposal

Most European waterfowl and waders are migratory birds that breed in the sub-arctic and arctic
and winter in western, central and southern Europe. Some species migrate as far as Africa south
of the Sahel zone. On their biannual migration they visit a whole range of wetlands where the fuel
for migratory flights is (re)-stored. Chains of wetlands enable these migrants to complete their
journeys. Since 20 years or so, wetland-rich countries like The Netherlands are obliged by
international treaties to properly protect their own valuable parts of the wetland chains.
Nonetheless, habitat degeneration has led to changes in migratory and wintering behaviour and
in the population dynamics in many species of waterfowl and waders over the past few decades.
Human pressure, ranging from local land reclamation to global climate change, continues to
increase. A tool is needed to identify the most vital links in the chain of wetlands for the birds and
to assess the most likely consequences of man-induced habitat change.

As a result of concerted actions of ornithologists world-wide, our information on numbers of
waterfowl and waders and their timing of migration is rapidly improving (e.g. Smit & Piersma
1989, Ens et al. 1990, Scott & Rose 1996). However, models attempting to explain these
observations do not translate into population numbers nor can they provide quantitative
predictions on the effect of habitat loss and/or change. These shortcomings were identified during
an international workshop (DYNASHOP). However, the workshop also identified possible
solutions to the identified problems.

To develop a sound theoretical framework of habitat use along migratory routes, we will apply
Stochastic Dynamic Programming techniques (SDP, McNamara & Houston 1986, Mangel &
Clark 1988) in combination with game-theoretical principles (Dynamic Games [DG], Bednekoff &
Clark 1996). The models will primarily target waterfowl and waders as these are species that
mostly use well identified staging sites, primarily wetlands, during migration. The models will be
primarily validated with data from the Bewick’s Swan Cygnus columbianus bewickii, Brent Goose
Branta bernicla and the Red Knot Calidris canutus. These species, studied in great depth, together
with seven other species currently being investigated, span a wide range of ecological
characteristics.

The results of the project will allow to (1) assess precisely the impact of habitat change and/or
loss on the use of remaining habitat along migratory flyways, (2) identify key sites that are in need
of the most urgent protection along the migratory route, (3) identify areas with the highest
potential for development as stopover sites by means of habitat restoration, and (4) identify
important gaps in our present knowledge and assist in directing future research and data
acquisition on the topic. Aside from presenting the results in conventional scientific papers we
envisage the preparation of a report plus a series of demonstration programs and a toolbox for
use by nature managers.

Project descriptionProject description

All living organisms must obtain and convert energy from their environment and use it for
maintenance and reproduction. In many situations this energy is a limiting factor. The biannual
migration between breeding and wintering sites is among the most energy demanding events in
the yearly cycle of migratory birds. In preparation for migration body stores are deposited. These
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are required to fuel the long-distance flights. Much of the food consumption by migrants is
therefore determined by the energetic costs involved in covering the distance between the present
and the next site. For this reason long-distance migrants might suffer especially badly from habitat
loss or change along the migration route. Waders and waterfowl are prominent long-distance
migrants and the many wetlands in the Netherlands on which these birds depend give our nation
a special responsibility in their protection. Despite its small size, it is one of the most important
staging areas for many of these species (Smit & Piersma 1989, Meltofte et al. 1994, Scott & Rose
1996). Wetlands are threatened habitat, (already more than 50% of the original wetland areas in
most western European countries have disappeared during the last century), and the conflict
between agricultural interest and many waterfowl species is potentially large. Especially for
waders, relying heavily on mudflats for their food, the potential threat of sea level rise due to
global warming is an additional reason to focus on this group of birds.  A tool is needed to
assess the effect of habitat loss along the migration route, to identify key sites in need of the most
urgent protection and to identify the most profitable locations for habitat restoration. At present,
such a tool does not exist. While there exist models that predict the population consequences of
habitat loss on migratory birds, these models concentrate on the areas used for wintering and
breeding and do not explicitly address the stopover sites used on migration (Sutherland 1996).
Similarly, the models that focus on the migratory journey forget about the wintering and breeding
sites and are not couched in terms that allow an assessment of the effect of habitat change en
route (e.g. Alerstam & Lindström, 1990). By combining insights from both approaches and using
new modelling techniques, we aim to develop the necessary assessment tool.

Birds migrating between widely separated wintering and breeding grounds will choose among a
number of potential stopover sites. The aim of our modelling work will be to understand and
predict the optimal itinerary in terms of rates of fuel deposition, departure fuel loads and stopover
site use. Considering that according to evolutionary theory all individual decisions are taken with
respect to their impact on reproductive output, it is most appropriate to view migration and
wintering in relation to the breeding success or, even more ideally, as part of the whole annual
cycle of the bird. We assume that reproductive success depends on date and fuel load at arrival
on the breeding grounds. On migration, the birds face trade-offs between gaining and expending
fuel at stop-over sites, predation risk and spending fuel during migratory flight. To allow the
optimal decision at any given moment to depend on the fuel load and the location of the bird, as
well as unpredictability in conditions, the most ideal framework to use is stochastic dynamic
programming  (SDP, McNamara & Houston 1986, Mangel & Clark 1988). This technique allows
one to determine the sequence of decisions maximising fitness within a well-defined time interval.

According to the above ideas, Weber et al. (1998) constructed a tentative SDP model for
migratory birds. To stimulate the further development of this model as well as its empirical testing,
a workshop (DYNASHOP) was organised from 26 February - 1 March 1997. During this meeting
an international group of theoreticians and empiricists in the field of animal migration discussed
the benefits and flaws of this model and generated recommendations for further modelling. These
points, forming a major part of the project’s scientific goals, are outlined below:

1. One of the major points of attention in further development of the model envisaged is the
problem of fluctuating environments. Weber et al. (1998) assumed that although the
environment may be stochastic, the stochasticity is the same (i.e. is determined by the same
parameters) from year to year. Thus every day the chance of experiencing a certain
environment is independent on the conditions of the previous day. It is likely, however, that
migrating birds will sometimes encounter bad years, in which for example the breeding
season is very late or the weather is very cold. This means that stochastic events may have a
much longer time scale than one day only. We refer to such environments as fluctuating
environments yielding specific optimal strategies (McNamara et al. 1995, McNamara 1995).

2. Related to the former point is the possibility of learning, which will lead to the bird increasing
the predictability of its environment. This is not considered in the model’s current form.

3. Hitherto only uni-directional movements are allowed in the model, although birds may opt to
reverse migratory direction or make multiple migrations between suitable habitat within a
wintering season.
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4. The fitness consequences of various migration strategies are incorporated in a rather ad hoc
fashion. By extending the model from the spring migratory period to the full year, fitness
consequences can be inferred from the cumulative effects on reproduction and survival. In
other words it will be made a circular model.

5. As a first step towards a population model, density dependent effects must be taken into
account, i.e. the interactions between individual birds, which are currently neglected, need to
be considered. For instance, how do interactions with conspecifics influence foraging success
(e.g. resource depletion, information transfer), predation risk (e.g. swamping the predator), or
flight costs (e.g. flight formations). For these kinds of problems Dynamic Games may serve as
a solution. The SDP model will form the basis for this higher level model.

According to these recommendations for improvement, we envisage the construction of three
models, possessing different levels of complexity.

Model I: Model I: will be a SDP model considering only wintering and spring migration, having the onset
of breeding as the end-point of the model. It will be constructed using Weber et al.’s
(1998) SDP model as a starting point. The model will be improved according to points
1, 2 and 3 and several other suggestions that were raised during DYNASHOP.

Model II: Model II: will be a continuous model, where not only winter and spring but all seasons will be
considered simultaneously (point 4 mentioned above).

Model III: Model III: will be the dynamic game model, also considering density dependent effects (point 5).

The models produced need to be validated, i.e. predictions need to be verified with real world
data. For this purpose extensive data sets on a few well-studied species are required. We propose
to use the Bewick’s Swan, Brent Goose and the Red Knot. Bewick’s Swan, Brent Goose and Red
Knot are the key species in research projects of NIOO, Alterra and NIOZ, respectively.

The Bewick’s Swan is a large (6 kg) waterfowl species, breeding on the sub-arctic Russian tundra
and wintering in western Europe. The species uses various major European aquatic habitats as
stepping-stones to its final destination during its biannual migration. During migration Bewick's
Swans show a strong preference for the belowground tubers of the pondweed Potamogeton
pectinatus, one of the commonest aquatic macrophytes in shallow European waters. In winter,
Bewick’s Swans rely mainly on agricultural habitats for their food. Knowledge of its distribution
and its migratory timing is rapidly expanding as a result of an international project focusing on its
migratory pathways (partner A participates in this project using satellite telemetry). Detailed field
data describing its foraging on crops and P. pectinatus in relation to habitat characteristics and
presence of conspecifics at various sites along the migratory route are available, and this
database is still expanding. Also its major food source, P. pectinatus, is receiving much attention
from within the international scientific community and information on the plant’s biology and
distribution is becoming increasingly available.

The Brent Goose is a medium-sized waterfowl species, breeding on the high arctic Russian
tundra, especially Taymir, and wintering in coastal areas in Western Europe. The species uses a
series of saline wetlands around the North Sea and the White Sea to reach its final destination
during its biannual migration. The relationship between condition of the birds at arrival and
subsequent breeding success is of major importance in the SDP models and there are hardly any
other species where this relationship has been so well studied. The feeding ecology and the
population biology of the species have been intensively studied for many decades, including
monitoring of the site use, intake rate, dominance status, mating status, reproductive success and
survival of individually marked birds. Very recently, satellite transmitters have been attached to a
sample of birds to study migration patterns in more detail. The whereabouts of these individuals
can be found on the following internet site:

http://www.wetlands. agro.nl/specialists/wetl_spec_gsg_riddle.html
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The Red Knot Calidris canutus is a medium-sized shorebird species breeding on high arctic, and
arctic mountain tundra (with a circumpolar breeding distribution), and that occurs in coastal areas
throughout the world during the rest of the year. There are at least six different migratory
populations. Outside the breeding season Red Knots eat molluscs. They have a digestive system
that is adapted to process such hard-shelled and relatively unprofitable prey, and they have
special sensory abilities (a bill-tip apparatus) to efficiently detect hard-shelled objects in soft
sediments. Their specialisation to feed on molluscs, and perhaps to avoid parasite-rich inland
environments, makes that Red Knots only occur in coastal (seawater) habitats rich in molluscs.
Their concentrated occurrence on only a small number of sites has made them ideal subjects for
the study of long-distance migration, world-wide. Detailed ringing and colour-banding studies
have demonstrated that they make very long single flights of 3,000-8,000 km, before and during
which they show impressive changes in body composition. Their feeding specialisation and limited
prey choice enables researchers to even come to grips with the resource base allowing these
impressive feats of fuelling and sustained flight.

The models produced will be complex and requiring the input of many parameters. Apart from
some very well studied species, such as the two mentioned above, these parameter values will be
unavailable and may be difficult to assess in the majority of cases. It would therefore be extremely
important if we could identify the key parameters that should obtain special attention by the
ultimate users of the models. The composition of this list of key parameters may very well alter
across mass and ecological ranges. We therefore aim to extend our validation with a number of
other well studied wader (e.g. Western Sandpiper Calidris mauri) and waterfowl (e.g. Pink-footed
Goose Anser brachyrhynchus) species in an effort to discern common patterns and enable
generalisations about all waterfowl and waders and possibly even other migratory birds.
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11. 11. Application of dynamic migration models to real world problemsApplication of dynamic migration models to real world problems
(report of meeting, 14 (report of meeting, 14 oct 1999, oct 1999, Wageningen)Wageningen)

by Hans Schekkerman

Attending:Attending:
Gerard Boere (Ministry of Agriculture, Nature Management and Fisheries; LNV), Joost Brouwer
(Wetlands International), Simon Delaney (Wetlands International), Bruno Ens (Research Institute for the
Green Environment; Alterra), Marcel Klaassen (Netherlands Institute of Ecology; NIOO), Joop
Marquenie (Dutch Oil Company; NAM), Hans Schekkerman (Research Institute for the Green
Environment; Alterra), Janine van Vessem (Wetlands InternationaI), Ward Hagemeijer (Dutch Centre
for Field Ornithology; SOVON)

IntroductionIntroduction

The aim of the meeting was to reinforce the user-component of a funding application (by Marcel
Klaassen, Bruno Ens and Theunis Piersma [NIOZ, Netherlands Institute of Sea Research]), for
developing Stochastic Dynamic Programming (SDP) and Dynamic Games (DG) models for bird
migration.

First in a general introduction, Bruno Ens presented several types of models that have been used to
predict consequences of habitat change for (migratory) birds, and explained the use and current
shortcomings of dynamic migration models. Then, Marcel Klaassen introduced one of the model
species, the Bewick's Swan, focusing on the characteristics that are relevant for the input
parameters of a migration model. He also pointed out that human actions may provide valuable
opportunities to validate the quality of the model through 'experiments', like in the case of an
intended scaring campaign on the last spring stopover site of Svalbard Pink-footed Geese in N-
Norway.

In the ensuing discussion, potential 'users' mentioned types of problems they are involved with for
which the models could possibly be used, and asked questions about the general usefulness and
data input requirements of these models. Finally, we talked about how to proceed.

A. List of problems/topics for which a migration model could potentially be useful:A. List of problems/topics for which a migration model could potentially be useful:

1. Effects of (human-induced) habitat change at migratory stopover sites on a site-specific level.
Models could be used in decision-making about large-scale projects, e.g. in Environmental
Impact Assessments (EIA, MER). Such changes could be total loss of sites, or changes in quality
due to partial loss, fisheries, pollution, disturbance or hunting. Examples:
• Will large-scale scaring in a last spring stopover site of Pink-footed Geese affect breeding

success / population size?
• How will soil subsidence due to gas exploitation affect migratory waterbirds in the Wadden

Sea? And in inland areas?
• Impact of shellfish fisheries in the Wadden Sea, exploitation of Horseshoe Crab eggs at

Delaware Bay, etc. on migrant waders.
2. If a site is inevitably affected by detrimental human activities, could compensatory measures at

other sites mitigate the problem for birds, and at what sites would such measures be most
effective?
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3. Effects of global change on migratory stopover sites and the migrants that use them. E.g.: how
will birds be affected by a 1-m sea-level rise? What if snowmelt dates in the arctic tundra are
shifted forward by two weeks?

4. Assessing importance of sites for conservation. Currently, conservation importance of sites is often
based on numbers of birds occurring in the site (e.g. RAMSAR criteria, IBA schemes). Migration
models could be a tool for identifying what (stopover) sites in the annual cycle would have the
greatest impact on populations if they were damaged/lost.

5. Assess conservation priority of bird species based on vulnerability to loss of stopover sites.
6. Develop general 'rules of thumb' with respect to importance of sites and vulnerability of species.

E.g., first results indicate that changes at stopover sites close to the migratory goal (last spring
staging sites) may have greater effects than changes in sites earlier in the migration route. Other
questions could be: Are species with a 'jumping' migratory strategy generally more at risk than
'skippers' or 'hoppers'? And species with restricted breeding seasons more than species with
prolonged seasons?

7. Possibly, some sites in use by migrant birds can only be used because conditions at previous sites
enable these sites to be reached. This means that conserving one site without safeguarding the
other may not be effective. Models could be a tool to identify such critical links between sites and
could provide a scientific basis for 'reserve networks'.

8. Identifying sites which are not currently used by migrants, but which could potentially be used in
case of loss of other sites or an expanding population. Migration models cannot predict which
sites are actually going to be used, but they may be useful in identifying important constraints: 'A
potential new site for species x along flyway y should offer enough food to enable birds to
accumulate reserves at rate ≥a, and should not be further than b km away from site z'.

9. Scheduling of disturbing activities to minimise impact on birds. E.g. will starting drilling activities
on date x have a different impact on birds than on date y? At what date in spring should hunting
(and associated disturbance) cease?

B. Output of the intended projectB. Output of the intended project

• Models plus user interface. The modellers feel that the actual usage of the models (for prediction
or evaluation) should be in the hands of people with a sound biological background. Many 'users'
will therefore use the model outcome produced by subcontractors, rather than the model itself.

• Results of validation exercise with model species.
• List of essential input data and of research priorities.

C. Minimum knowledge requirements and limitations of the modelsC. Minimum knowledge requirements and limitations of the models

• Question: There are only few species for which so many details of aspects of migration, energetics
and feeding ecology are known as for the species now chosen as model species. If we want to
use the models for other species, must we first spend years of research?
Answer: Propably not. For many model parameters, estimates can be based on information on
other species (e.g. allometric relationships with body size for flight costs, maximum fuel loads and
fuel deposition rates). Sensitivity analyses can be done to assess how critical these assumptions
are for the model output, and thus identify parameters that should be measured.

• Question: What are the critical 'minimum' requirements for parameters that should be input in the
models?
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Answer: 11 We should have an idea of the fitness consequencesfitness consequences of arriving in the breeding areas
late or in suboptimal condition. For some groups we already have substantial data (e.g. arctic-
breeding geese); for others this information is still lacking (e.g. arctic waders). This links this
proposal to ongoing studies on this subject (e.g. Alterra, NIOZ, NIOO).
22 There should be knowledge of the quality of sitesquality of sites for refuelling birds. This can be in various
forms/levels of precision: e.g. (relative) food availability, intake rates, fattening rates; levels of
disturbance/ predation.

• Question: Can the model be used for any kind of species?
Answer: Birds should make use of separate and well-defined sites during their migratory cycle
(hence the choice of waterbirds as the model group). The model does not deal with species that
occur very dispersed in widespread areas of suitable habitat; e.g. many passerines. This would
make the models less useful for, e.g., some geese and ducks, unless they are very traditional in
their site choice. Also nomadic species are a problem.

• Question: Can the model be used for the situation in Africa? (High conservation priority)
Answer: In the case of coastal waders: yes. For waders migrating through more ephemeral inland
wetlands whose quality may strongly vary from year to year: variability is/will be built into the
models, so is not a problem in itself, as long as the migratory goal remains clear. A problem is
that in this case the number of potential sites can be very large.  Species that make nomadic
movements between ephemeral sites and breed wherever conditions are suitable (flamingos,
marbled duck?) can probably not be tackled with these models.

D. Other remarks by potential usersD. Other remarks by potential users

• Whereas modellers want a good, detailed model, users may benefit more from a general model,
applicable to many species.

• However, some users (NAM) stress the importance of model predictions that are robust. Robust
models require thorough validation, which can only be done using a well-studied species.

• Wetlands International is concerned mainly with conservation of populations. Extending the
individual-based SDP models to populations is therefore seen as very important. A first step is
already incorporated in the proposal: extending the SDP-model to a Dynamic Games-model
which allows interactions (e.g. competition) between individuals. Linking these migration models
to a full-blown global population dynamics model is the ultimate aim but goes beyond the range
of this proposal. Knowledge of fitness consequences of arrival date/condition is a prerequisite.

• Suggestions for additional priority model species:
Brent Goose: migration well-known, models for carrying capacity of (winter/staging) sites under
construction, relatively good data available on effects of arrival date/condition on breeding
success, highly relevant for international conservation agreements (e.g. Flyway Action Plan for
IAMW). Brent Goose will probably be made a third model species in the application.
Spoonbill: temperate breeder with long breeding season, seems to use almost all available sites
along Atlantic flyway; good information available on migration schedules.
Pintail/Garganey: interior/African wintering populations, strongly concentrated, no arctic
breeders, hunting important?
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