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Preface

The research presented in this thesis has been performed at the Department of Bioscience,
Roskilde, Aarhus University under supervision from Professor Jesper Madsen from Aarhus

University, Denmark and Dr Loïc Pellissier from Fribourg University, Switzerland during
the period May 2010 to November 2014. This is with the exception of a five month stay in

2012 at University of Florida and Southeast Ecological Science Center, U.S. Geological
Survey in Gainesville, Florida under the supervision of Dr Fred Johnson and 7 months

maternity leave. Additionally, almost two months where spent each autumn in NordTrøndelag collecting field data.

The coherent topic of this PhD has been the harvest management of the Svalbard

population of pink-footed geese. In response to an increasing population resulting in
escalating conflict with agriculture, the population has been selected as the first test case
for development of an international species management plan under the African-Eurasian

Waterbird Agreement (AEWA). The objective of the plan is to maintain the favourable

conservation status of the population, while taking into account economic and recreational
interests. To attain these objectives the plan calls for the implementation of an adaptive

management framework for the flyway population that seeks to maintain a population size

of around 60,000 individuals through the optimisation of hunting regulations and practises

(Madsen and Williams 2012).

The overarching goal of this PhD has been to support the development of

sustainable hunting practises both through input to the adaptive harvest management plan

and through improved hunting practises. The work has resulted in five scientific
publications and manuscripts (Chapter 2-6).

Chapter 2: Snow conditions as an estimator of the breeding output in high-Arctic pink-

footed geese Anser brachyrhynchus (2014) Jensen, G. H., Madsen, J., Johnson, F. A. &
Tamstorf, M. P., Polar Biology, 37, 1–14.

Chapter 3: Uncertainty, robustness, and the value of information in managing an

expanding Arctic goose population (2014) Johnson F. A., Jensen, G. H., Madsen, J. &

Williams, B. K., Ecological Modelling, 273, 186–199.
4

Chapter 4: Environmental factors affecting the numbers of pink-footed geese utilising an

autumn stopover site, Jensen, G. H., Tombre, I.M. & Madsen, J., (Manuscript in preparation)

Chapter 5: Effects of hunting on migratory birds - When and where to hunt?, Jensen, G. H.,
Madsen, J. & Tombre, I.M. (Manuscript in preparation)

Chapter 6: Landscape selection by migratory geese: Implications for hunting organisation,
Jensen, G. H., Pellissier, L., Madsen, J. & Tombre, I.M. (Manuscript in preparation)

All of the results have been produced in collaboration with colleagues, who are listed in the

respective chapter(s).
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Summary

In the recently endorsed International Species Management Plan for the Svalbard

population of the pink-footed goose Anser brachyrhynchus, developed under the AfricanEurasian Migratory Waterbird Agreement (UNEP/AEWA), a stable population target of
60,000 (current population size is c. 80,000) has been agreed in order to reduce conflicts
with agriculture and possible degradation of tundra vegetation in Svalbard. The population
target is to be achieved through an adaptive harvest management (AHM) framework and

the optimisation of hunting practises and its organisation. The main objective of this thesis
has been to support the development of the AHM plan for the pink-footed goose, which is
the first AHM plan for a migratory bird species in Europe.

This thesis presents the work conducted during a three year PhD and consists of

seven chapters: an introductory review in which the results of this thesis are put into
context, followed by five manuscripts – of which two have been published and three are in

preparation for submission to peer-reviewed journals. The last chapter consists of
additional work conducted during the PhD, but not included in this thesis.

To ensure the sustainable harvest of pink-footed geese, the AHM plan formulates an

annual optimal harvest strategy. One of the key input variables is the annual predicted

productivity of the population. Chapter 2 supports the AHM process by identifying a
general climatic predictor for the breeding output of the Svalbard population of pink-geese.

The predictor was identified by examining various measures of snow conditions and
comparing them with the overall breeding success of the population, as indexed by the
proportion of juveniles in the autumn population. Additionally, the presence of density

dependence was tested by including the number of adults in the population.

The results showed that for the most recent decade, the proportion of juveniles can

be predicted from snow cover at local nesting sites. However, prior to 2000 when snow
cover estimates are not available, the results are not as clear and both winter NAO index

and the number of days with positive temperatures in May in Svalbard can be used as
predictors. Hence, to use the entire record of reproduction May thaw days are suggested as

the most suitable environmental variable to include in predictive population models. In
addition, there are indications of a change in the population dynamics, from a density-

dependent situation during 1981–1998 to a density-independent situation thereafter.
8
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In Chapter 3 the application of dynamic-optimisation methods were used to

calculate state-dependent harvest strategies, based on an objective function and a set of

nine annual‐cycle models combining various hypotheses about survival and reproduction.

A key consideration in dynamic optimisation of natural resource problems is uncertainty,

attendant to management outcomes, in this case harvest strategy. A failure to recognise and
account for these uncertainties can significantly depress management performance; hence

it was investigated how uncertainty in the population dynamics may influence an optimal
management strategy. This was done by calculating optimal harvest strategies for each of

the nine models and for a model state that considered all models equally plausible.
Additionally, the gain in management performance, if uncertainty could be reduced or

eliminated, was investigated by the expected value of information. Finally, both an adaptive

and robust strategy was examined.

The models suggested widely varying objective values; hence uncertainties in the

population dynamic do influence the management strategy. Nevertheless, the expected
value of eliminating all model uncertainty was only an increase in objective value of 3.0%.
However, comparing the expected objective value if the most appropriate model were
known with that of the robust strategy, we found an expected increase of 6.2%.

While the first two chapters formed some of the theoretical and empirical basis for

an optimal and sustainable harvest strategy, Chapters 4-6 explore how hunting can be

optimised through improved hunting practises and better organisation of hunting, on a
regional scale, at the first autumn stopover site of pink-footed geese, Nord-Trøndelag in

Norway. The contribution by hunters to the management of the population is seen as an
important element to fulfil the international species management plan objectives.

Optimal hunting practises were investigated through a hunting experiment carried

out at Nesset, an important staging and hunting area in Nord-Trøndelag. At Nesset our
research group had full control of the hunting from 2011-2013. The spatial and temporal

hunting structure was experimentally changed between years to represent a range of
hunting practises. The response to different hunting practises was measured by goose

abundance and their distribution via daily observations during the hunting season.
Additionally, I had access to information on hunting date, location, numbers of geese shot
and number of shot used, provided by the hunting team. To determine whether geese were

food limited, the field status was classified and density of waste grain was counted on

stubble fields before, during and after the geese had left the area. To provide guidance on
hunting organisation to the regional level, a species distribution model (SDM) was

constructed relating goose occurrence to a range of environmental variables, hypothesised
9
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to affect their landscape selection. When a relationship was established for the local area,
the model was used to identify areas with high probability of goose occurrence for the
entire Nord-Trøndelag region.

Our results showed that hunters can optimise their practises by separating their

hunting events by approximately three days. Moreover, hunters will benefit from placing
themselves as close as possible to the location of the flocks observed the day before a hunt
and by coordinating their hunting with neighbour hunters, staying approximately three km

apart if shooting on the same day. In addition, the SDM developed for goose occurrence in

Nord-Trøndelag can be used by hunters to identify areas with the highest probability of
geese occurring and shortest return times by geese in response to hunting, which can

potentially increase the hunting bag further. For all years grain still remained in the fields
when the geese had left; hence food resources were not a limiting factor at this stopover
site; furthermore, weather conditions (snow) were not limiting the use during the main

stopover season. This suggests that more geese than observed at present can be
accommodated as well as supporting a higher harvest level if hunting is organised in such a

way to reduce levels of disturbance.

10
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Dansk resumé

Ifølge den internationale forvaltningsplan for Svalbard-bestanden af kortnæbbet gås Anser
brachyrhynchus, der for nyligt blev godkendt i regi af African-Eurasian Migratory Waterbird

Agreement (UNEP/AEWA), er et bestandsmål på 60.000 (nuværende bestand er på ca.
80.000) gæs blevet vedtaget for at reducere konflikter med landbrug og påvirkning af

tundrabevoksning på Svalbard. Det opstillede bestandsmål vil blive søgt opnået via adaptiv
jagtforvaltning (AHM) og optimering af jagtpraksis og organisation. Det primære mål for

denne afhandling har været at understøtte udviklingen af AHM planen for den
kortnæbbede gås, hvilket er den første AHM plan for en migrerende fugleart i Europa.

I denne afhandling præsenteres det arbejde, der er blevet udført i løbet af en 3-årig

PhD. Afhandlingen består af syv kapitler: en introduktion hvor resultaterne af afhandlingen

er sat i kontekst, fem artikler, hvoraf to er blevet publiceret, og tre er under forberedelse til

indsendelse til peer-review tidsskrifter samt et sidste kapital med andet arbejde, der blev

lavet i løbet af PhDen, men som ikke er inkluderet i denne afhandling.

For at sikre en bæredygtig jagt på den kortnæbbede gås formulerer planen for

adaptiv jagtforvaltning en optimal årlig jagtstrategi. En af de centrale inputvariable i denne
strategi er den forventede ynglesucce i bestanden. Kapitel 2 understøtter AHM processen
ved at identificere en generel klimatisk forklarende variabel for ynglesuccesen for Svalbard

bestanden af kortnæbbede gæs. Den forklarende variabel blev identificeret ved at
undersøge forskellige mål for sneforhold og sammenligne dem med den samlede

ynglesucces af bestanden, indekseret som andelen af unge gæs i efterårsbestanden.
Yderligere tilstedeværelse af tæthedsafhængighed blev testet ved at inkludere antallet af
voksne gæs i bestanden.

Resultaterne viste, at i det seneste årti kan andelen af unge gæs forudsiges via

snedække på de lokale ynglepladser. Før år 2000, hvor det ikke er muligt at få data for
snedække, er resultaterne mere usikre og både vinter NAO indeks og antallet af dage med

positive temperaturer i maj på Svalbard kan erstatte snedække som forklarende variable.
Hvis hele dataserien af ynglesucces skal benyttes i bestandsmodellerne, foreslås dage med

positive temperaturer i maj som den mest egnede miljøvariabel. Der er desuden
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indikationer af en ændring i bestandsdynamikken fra tætheds-afhængig i 1981-1998 til
tætheds-uafhængig herefter.

I kapital 3 anvendes dynamiske optimeringsmetoder til at beregne stadie

afhængige jagtstrategier. Jagtstrategierne er baseret på en målsætningsformel og ni
årscykliske modeller, der kombinerer forskellige hypoteser vedrørende overlevelse og

reproduktion. En vigtig overvejelse ved dynamisk optimering af naturressourcer er
desuden den usikkerhed, der er forbundet med forvaltningsstrategien, i dette tilfælde
jagtstrategien. Såfremt der ikke tages højde og tilrettes for denne usikkerhed, kan
resultatet blive væsentligt forringet.

Det blev derfor undersøgt i hvilken omfang

usikkerhed i populationsdynamikken påvirkede en optimal jagtstrategi. Dette blev
undersøgt ved at den optimale jagtstrategi blev beregnet for hver af de ni modeller, og for
en

der

betragtede

alle

modeller

lige

plausible.

Desuden

blev

gevinst

i

forvaltningsperformance undersøgt, såfremt usikkerhed kunne fjernes eller reduceret.

Dette blev gjort ved at beregne den forventede værdi af information. Endelig blev både en
adaptiv eller robust strategi undersøgt.

Modellerne foreslog vidt forskellige målsætningsværdier; dvs. usikkerhed i

populationsdynamikken influerer en optimal forvaltningsstrategi. Den forventede værdi af

at fjerne al modelusikkerhed gav dog kun en stigning i målsætningsværdi på 3,0 %. Til
gengæld var der en forventet stigning i målsætningsværdi på 6,2 %, hvis den mest

hensigtsmæssige model var kendt, fremfor at bruge en robust strategi.

Mens de to første kapitler danner et teoretisk og empirisk grundlag for en optimal

og bæredygtig jagtstrategi, så undersøger kapitel 4-6 hvordan jagt kan optimeres via
forbedrede jagtmetoder og gennem regional organisering af jagt på den kortnæbbede gås’

første efterårsrasteplads i Nord-Trøndelag i Norge. Jægernes bidrag til forvaltningen af

bestanden er et vigtigt element i bestræbelserne på at opfylde målsætningen sat i den
internationale forvaltningsplan.

For at kunne optimere jagtmetoderne blev der foretaget et jagteksperiment på

Nesset, som er et vigtigt raste- og jagtområde i Nord-Trøndelag. Forskningsgruppen havde
fuld kontrol over jagten på Nesset fra 2011-2013. Gruppen udførte jagteksperimenter, hvor
den rumlige og tidslige struktur blev ændret fra år til år for at repræsentere en række
forskellige jagtmetoder. Responsen på de respektive eksperimenter blev målt ved

flokstørrelser og fordeling af disse via daglige observationer i jagtsæsonen. Der blev
desuden indsamlet information direkte fra jægerne om jagtdato, sted, antal skudte gæs og
antal affyrede skud. For at kontrollere om gæssenes adfærd var påvirket af mængden af
føde blev alle marker klassificeret og tætheden af spildkorn på stubmarker blev talt før,
12
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under og efter gæssene havde forladt området. I forhold til vejledning på regionalt plan,
blev der konstrueret en rumlig model for udbredelsen af kortnæbbede gæs. Modellen

relaterer gåseobservationer til en række miljøvariable, der forventes at påvirke deres valg

af marker i landskabet. Når/hvis der blev observeret en sammenhæng på det lokale
område (Nesset & Skogn), blev modellen brugt til at lokalisere områder i hele NordTrøndelag regionen, hvor der var høj sandsynlighed for at observere gæs.

De opnåede resultater viste, at jægere kan optimere deres jagtmetoder ved at

adskille hver jagt med ca. tre dage. Jagten vil desuden blive mere effektiv, hvis jægerne

placerer sig så tæt som muligt på de områder, hvor flokke af gæs blev observeret dagen før
jagten, samt at de holder en afstand på omtrent tre kilometer mellem jagtgrupper der jager

på samme dag. Forskningsresultaterne viste derudover, at jægerne kan udnytte den
rumlige model for fordelingen af kortnæbbede gæs til at finde områder med den største

sandsynlighed for forekomst af gæs samt de områder med den korteste tid, det tager for
gæssene at returnere efter jagt, hvilket potentielt kan forøge jagtudbyttet yderligere. For
alle tre år var der stadig korn tilbage på markerne efter at gæssene havde forladt området,

hvilket betyder at føde ikke var en begrænsende faktor på denne rasteplads. Vejrforhold, i

dette tilfælde sne, var heller ikke en begrænsende faktor i den primære periode, hvor
gæssene var på rastepladsen. Disse observationer understøtter, at der er plads til flere gæs

end observeret, hvilket medfører at det potentielle jagtudbytte kan øges hvis
jagtorganiseringen optimeres med henblik på at reducere forstyrrelser.

13
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Detective work. Photo by Gitte Høj Jensen
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Chapter 1. Introduction

Background
The overall theme of my PhD thesis is the harvest management of migratory waterbirds,

specifically in respect to the Svalbard population of the pink-footed goose Anser

brachyrhynchus. This constitutes a special case because it has been selected as the first

European example of an internationally coordinated adaptive management plan, developed
under the African-Eurasian Waterbird Agreement (UNEP/AEWA).

Its implementation

started in 2013 with the development and application of an adaptive harvest management
framework.

The Svalbard breeding population of pink-footed geese leaves its breeding areas in

mid-September towards their wintering grounds in Denmark, Belgium and the

Netherlands. During migration, the geese stop primarily in two regions; in the Trondheim
fjord area in Nord-Trøndelag County in mid-Norway and along the west coast of Jutland in

Denmark (Madsen et al. 1999). The field study during my PhD was carried out in Nord-

Trøndelag in mid-Norway, the first stopover site for pink-footed geese on their autumn
migration. Around 80% of pink-footed geese reported shot in Norway are harvested in the
Nord-Trøndelag County (Statistics Norway, http://www.ssb.no).

My work has contributed to the process in two ways: 1) supporting the

development of the underlying predictive models to sustainably harvest the population as
well as setting optimal targets for the annual harvest and 2) investigating how local
organisation of hunting in Nord-Trøndelag can contribute to regulating the harvest of geese
(in the initial phase this implies that more geese have to be harvested),

To set the scene in this PhD thesis, I will introduce the concept of adaptive

management, exemplified by its application in case of the pink-footed goose. Next, I will

briefly describe aspects of my work on local hunting organisation and how it connects to
the international management plan process. Finally, I discuss the current management
practises in Europe in light of the outcomes of my studies.

Setting a sustainable hunting level

Waterbird hunting has for centuries remained a traditional activity in many regions
worldwide. In the industrialised part of the world today waterbird harvest is mainly a

recreational activity (sport hunting), but still an important part of life for many people.

During the last century it was recognised that waterbird harvest required some form of
regulation, as declines had been observed for several species (Zöckler et al 2010; Wetlands

International 2012). This was acknowledged, in law, when The United States government
17
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in 1918 specified that hunting would be permitted only when considered compatible with
protection and maintenance of populations (United States Code 1918). Since then most

countries across the world have enacted similar national legislation. Just over 60 years

later, in 1979, the European Union implemented the Birds Directive, which states that

“Member States shall ensure that the practise of hunting, including falconry if practised, as

carried on in accordance with the national measures in force, complies with the principles of
wise use and ecologically balanced control of the species of birds concerned...” (European
Commission 2010). In other words, to obtain a sustainable hunt the regulators should
introduce restrictions when the population is affected negatively and remove the
restrictions when the population has the capacity to sustain the target size given the
desired level of hunting activity (Runge et al 2004).

A sustainable hunting requires that over time more individuals must be born than die
(Hilborn et al 1995). When a population is at its carrying capacity, the increase in
individuals due to reproduction and growth balance the reduction in individuals due to

natural mortality. When a population is depleted below its environmental carrying

capacity, however, this balance is shifted so that the growth exceeds the reduction as the

population tries to rebuild toward its carrying capacity. This excess can be sustainably
explored and the population level that produces the greatest excess is defined as the

maximum sustainable yield (MSY) (Hilborn et al 1995). The concept was originally used in
fisheries and was for many years used as the management objective (Larkin 1977).

Nevertheless, it was soon recognised that MSY was a too simple a view of sustainable
harvest, as there is a great deal of uncertainty and natural variation associated with a
reproduction excess (Larkin 1977; Hilborn et al 1995).
Uncertainties

Four categories of uncertainty have been recognised that need to be accounted for in the
management of waterbird populations and communities; structural uncertainty,

environmental variation, partial observability and partial controllability (Williams et al
2002).

Structural uncertainty refers to uncertainty or lack of understanding in the system

dynamic, i.e. survival and reproduction. Due to life history variation some waterbirds will

be affiliated with higher structural uncertainty than others. Geese and swans for example

are long lived species with a high survival and a low reproduction; called “K” strategists.

These features give them a more complex life history as system dynamics need to account
18
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for different survival among the different age groups (Madsen 2010; Cooch et al 2014). This

may be particularly important to incorporate for hunted species, where juveniles may be
more vulnerable to hunting than older birds (Madsen 2010). Other waterbirds like

dabbling ducks are “r” strategists characterised by a relatively high annual reproduction

rate and a relatively low survival; hence the life cycle is relatively simple, with little need to
incorporate age structure beyond the first year/adult dichotomy (Devineau et al 2010;

Cooch et al 2014; U.S. Fish and Wildlife Service 2014). Other factors which can contribute
to structural uncertainty in a population are differences in survival between the sexes (U.S.

Fish and Wildlife Service 2014) or potential exchange between populations (Guillemain et
al 2005; Madsen et al 2014b). Nevertheless, as structural uncertainty is lack of knowledge

of the biological processes and the impacts of regulations, this type of uncertainty can be
reduced as we increase our knowledge about the processes.

Uncontrolled environmental variation is another source of uncertainty, which can

produce short-term random variation in resource status. In Arctic-breeding geese for
example the reproductive success is highly variable and depends on a number of intrinsic

and extrinsic factors, but perhaps none is more important than the disappearance of snow
and ice to allow for the initiation of nesting (Reeves et al 1976; Prop and de Vries 1993;
Morrissette et al 2010). This is supported by Jensen et al. (2014; Chapter 2) who found that
the proportion of juveniles, used as an expression of the overall productivity of Svalbard

pink-footed geese, can be predicted from snow cover at local nesting sites. Environmental
variation may also be seen in long-term directional trends. In G.H. Jensen et al (2014;
Chapter 2), a level shift/change in the proportion of juveniles was observed to coincide

with a level shift in the environmental conditions towards warmer spring weather and less
snow in Svalbard. This is most notable from 2000 onwards, suggesting that the pink-footed

goose has escaped density dependence with climate change (Jensen et al 2008; Jensen et al
2014; Chapter 2).

The third uncertainty is partial observability. This uncertainty stems from the

limitations in precision due to monitoring of relevant parameters is not flawless and only a

partial information set can be observed (Johnson and Williams 1999; Williams and Nichols

2014). Natural resources are almost always partially observed. For example, only a part of

the area where a bird population occurs can be monitored, and a sampling strategy needs
to allow extrapolation over the whole area. Observability is further complicated by the fact
that not all individuals may be seen, change behaviour or area use (Madsen et al 2014a).

Finally there are uncertainties due to partial controllability. Partial controllability

covers the fact that there is a difference between the intended control of management and
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the actual.; hence one thing is setting a harvest rate/quota, another thing is to reach it
(Johnson and Williams 1999). Partial controllability is especially seen when the

management of the system involved “volunteer” participants, i.e. when setting a harvest
quota, hunter’s preferences and abilities come into play (Johnson et al 2013). In case of

pink-footed geese, partial controllability is definitely an issue because the population
models and optimisation of annual harvest recommend a harvest which is above what is

shot in Denmark and Norway at present (see below and in Chapter 3). It is still uncertain
how better hunting organisation and the regulation of the open season length will affect the
harvest.

Adaptive management
A decision-theoretic approach which incorporates uncertainties in a formal manner is
adaptive management. Adaptive management is a systematic approach for improving

resource management by learning from management outcomes (Williams et al 2009). The

concept was first developed by a research group working at the University of British

Colombia, Canada in the 1970s (Holling 1978; Walters and Hilborn 1978). They developed

a procedure for managing ecosystems where there is uncertainty about how the system

works, which again creates uncertainty about how best to manage the ecosystem, hence
they developed a procedure which combines basic research with regulatory activities,
under uncertainty.

One of the most successful applications of adaptive management has been in the

area of waterfowl harvest management in North America (Nichols et al 2007). In 1995 an

adaptive management program was implemented for setting duck hunting regulations in
the United States. This was partly as a result of demands for increased hunting

opportunities and partly due to a ‘bewildering network of regulatory options’ which

limited the management ability to make regulatory decisions consistent with long-term

harvest and conservations goals (Williams and Johnson 1995). Currently the adaptive

protocol is based on the population dynamics and status of three mallard duck Anas

platyrhynchos stocks, but works towards an AHM protocol is being done for several other
stocks of waterfowl (U.S. Fish and Wildlife Service 2014).

Another area where adaptive management may be used is in development of

guidelines for recreational activities in areas with wildlife (Martin et al 2011). The effects

on wildlife of recreational activities such as hiking, mountain biking, surfing and kayaking

are a growing concern (Madsen 1998; Taylor and Knight 2003; McGowan and Simons

2006; Hoover-Miller et al 2013). For example, Denali National Park contains one of the
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largest reported nesting populations of Golden eagle (McIntyre and Adams 1999), and park

managers want to protect occupied nests from disturbance. Through the application of
adaptive management rules were suggested of how and when to restrict access (Martin et
al 2011).

More examples exist but common for all of them are that they primarily are

conducted in North America and Australia (Westgate et al 2013), while the concept has
achieved very limited support in European wildlife management. The International Species
Management Plan for the Svalbard population of the pink-footed goose, implemented
under the African-Eurasian Waterbird Agreement, constitutes the first test case for a
migratory waterbird species in Europe (Madsen and Williams 2012).
The framework

The adaptive management framework consists of two cycles, also called double loop

learning. The first loop consists of a deliberative and iterative phase. The deliberative

phase is where 1) the relevant stakeholders are gathered, 2) agreements are made on
problem framing, objectives and alternative actions, 3) predictive models for the system to

be managed are identified and weighted or ranked according to how plausible they are, and

4) a monitoring program, which keeps track of resource status and other key resource

attributes, in place (Williams et al 2009). During the following iterative phase 5) a

management action, based on management objectives, resource conditions and model
weights, is selected, 6) system responses to the management action are tracked and 7)

predicted and observed changes in resource status are compared to improve
understanding of resource dynamics and updating model weights (Williams et al 2009).

The iterative phase is continuously repeated over time (the first loop) and the system
understanding, known as technical learning, is evolved. This new understanding may at

first change the decision making, however over time the new understanding might lead to

new predictive models, new actions, evolving stakeholder perspectives etc. Changes in the

basic setup; hence where the deliberative phase is repeated, is the second loop in the
double loop learning (Williams et al 2009) (Figure 1).

Through this framework it is clear that four elements need to be in place to make a

successful adaptive management plan and reduce uncertainties; 1) an explicit statement of
objectives, 2) a set of available management actions, 3) models of system response to
management actions providing a basis for prediction, 4) a monitoring program to estimate
system state and other relevant variables (Nichols et al 2007). By going through the

adaptive management process and each of the requirements, we will see how the different
kinds of uncertainties are embraced.
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Figure 1 Double loop learning in adaptive management,
consisting of a deliberative/set-up phase and an iterative phase.

System understanding is achieved through repetitions of the

iterative phase, whereas process and institutional learning is
achieved through periodic repetitions of deliberative/ set-up
phase (Williams et al 2009).

Objectives
Objectives are the primary drivers in decision making

which is why it is important that they contain well
described and measurable outcomes that reflect the

goals of stakeholders and decision makers. Objectives
are used both as a guidance and an evaluation tool to

determine the level of success in the given management

situation (Holling 1978). They can, however, also be the

most difficult part in the decision making process, as

objectives should incorporate both the social, economic and ecological values of

stakeholders. There are often as many objectives as there are stakeholders in the process,

and finding the right balance between these objectives is an ‘inherently subjective (i.e.,

value-based) judgment’ (Williams et al 2009; Williams and Madsen 2013). An additional

challenge in Europe is that population targets are mainly used for setting minimum
populations needed to prevent extinction or set targets for recovering species (Tear et al
2005; Sanderson 2006), while setting population targets for controlling waterbird species
are rare. In an adaptive management framework, however, targets to measure the success
of management actions are needed.

The focus of management objectives is often to reach a desirable level, whether this

is the maximum or minimum, of e.g. impact, cost or abundance. The more variables
included the more complex the objectives will become. To measure the trade-off between

competing objectives in simple and comparable values an objective function is often
created. A regular tool used when handling multi-objective decisions is a utility function
that converts objective parameters into comparable values (Keeney and Raiffa 1976).

This approach is used in the adaptive management plan for the pink-footed goose

(Johnson et al 2014b). Here the objective is to maintain a sustainable and stable pink-

footed goose population, keep agricultural conflicts to an acceptable level, avoid increase in

tundra vegetation degradation in the breeding range and allow for recreational use that
does not jeopardise the population. To reach these competing objectives it has been agreed
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that a population size of around 60,000 shall be maintained, within a range to prevent the
population from either collapsing or irrupting (Madsen and Williams 2012) (Figure 2).
Total population estimate
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Figure 2 Changes in population size of the Svalbard-breeding pink-footed geese between 1965 and 2013,

derived from population counts and estimates based on capture-mark-recapture analysis. Red line represents

the population target of 60,000 (Madsen and Williams 2012).

The population target represents a simplified objective, one that represents the

different objectives.

It is captured by a bell shaped utility curve with its peak

corresponding to the goal of the target population of 60,000. The objective function seeks
to maximise sustainable harvest, but devalues harvest decisions that are expected to result

in a subsequent population size different than the population goal, with the degree of
devaluation increasing as the difference between population size and the goal increases
(Johnson et al 2014b) (Figure 3).

Figure 3 The relative utility (new: red and old:

black) of pink-footed goose harvest as a function of
subsequent population size (Johnson et al 2013;
Johnson et al 2014b).

In the illustrated example for the

pink-footed geese two utility curves are
shown, a ‘new’ and an ‘old’, which reflect

the continuing value driven discussions

and agreements within the international
working
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development

of

the

international

management

plan

(see

http://pinkfootedgoose.aewa.info). The new utility function represents the acceptance of a
broader range of population sizes, before the target is devalued (steep vs broad curve

around the target population of 60,000). By accepting a broader range of population sizes,

the variability in the harvest quota is dampened (Figure 3), which is yet another objective

by the managers and hunters. Outside the plateau, however, the utility drops faster
reflecting that stakeholders will not be satisfied with much deviance from the plateau

range; at the moment the utility function is symmetric around the population target. The
shape of the utility function may become a point of discussion when more information is

made available on the effectiveness of harvest regulations or the importance of population
size for the amount of agricultural damage or tundra degradation.
Actions

The objective is reached through a management action. Multiple actions may be
appropriate and the goal is then to find the best action to take in a given situation. An

important aspect of identifying actions is creativity, as the obvious solutions might not
always be the most appropriate. An inspiring example is Operation Migration where

ultralight aircraft teach migration to captive-raised, precocial bird species such as Canada

geese, Trumpeter swans, Sandhill cranes and most recently, endangered Whooping cranes
(Ellis et al 2003). A more traditional action when the objective is to reduce or keep a

population stabilised is hunting, as it is the case for the pink-footed geese (Madsen and
Williams 2012). Hunting can be used to achieve an objective by regulating i.e. season

length, number of hunting days, setting an overall quota, daily bag limits, local organisation

of hunting or spatial protection of geese. However, for many management actions there is
likely to be uncertainty as to how well these actions reach the management objective
(partial controllability).

Partial controllability may be dealt with by regulating harvest more conservatively

to make sure the population size is not jeopardised. This is the risk-averse way of dealing

with partial controllability, and will not lead to any improvement or increase in the partial
controllability (Mills 2007). Another and more appropriate solution, which will lead to both

increased understanding and increase in controllability, is models which predict for

different managing forms. Hence how will a given hunting regulation affect the hunting
level. This solution will need to include a monitoring program to provide data to compare

predictions with the actual outcome, which will inform which hypothesis/hunting
regulation is best supported (Mills 2007).
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Models
Actions are supposed to drive the system closer to the management objective. To choose an
optimal action one must have an idea of how the action affects the system; and one must

predict the consequences of the chosen action. This is done by models; hence a model in
adaptive management is a plausible representation of a dynamic natural resource system.

Most often there will be uncertainty as to which model best represents the system
dynamics; hence structural uncertainty. This kind of uncertainty can be framed as
hypotheses about the system processes and responses, and then embedded in different

models with a relative belief or model weight. Model probabilities (or weights) represent

the relative credibility of the alternative models, and are based on a comparison of

predicted and observed values, i.e. population size of pink-footed geese (Madsen and
Williams 2012). Models that are better predictors of observed values may gain probability
mass according to Bayes’ theorem. Models with higher probabilities have more influence
on the optimal strategy (Johnson et al 1997).

A scholarly example of model building is the management plan for Mallards in North

America. In 1995 four hypotheses were made about the structural uncertainty in the
system dynamics, combining hypotheses of additive and compensatory hunting mortality

and hypotheses of weak and strong density-dependent reproductive rates. After nearly
twenty years of monitoring and managing there is a clear distinction between the
predictive powers of models with weak vs strong density-dependent reproduction, with

the weak models having the highest predictive power, while it is still unclear whether
hunting is additive or compensatory (U.S. Fish and Wildlife Service 2014) (Figure 4).

Figure 4 North American mid-continent mallard model weights (SaRw = additive mortality and weakly
density-dependent reproduction, ScRw = compensatory mortality and weakly density-dependent

reproduction, SaRs = additive mortality and strongly density-dependent reproduction, ScRs = compensatory

mortality and strongly density-dependent reproduction) (U.S. Fish and Wildlife Service 2014).
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In the management plan for mallards in North America and for the pink-footed

goose, it is a form of adaptive management that is called passive. Adaptive management
can, however, be either passive or active, where the key difference is the degree to which

reduction of uncertainty/learning is formally incorporated in the objectives (Williams

2011). While learning is part of the objective in active adaptive management, learning is
only a useful by-product in passive adaptive management.

Even through active adaptive management is widely discussed; in practise it is

seldom used, both because of computational limitations and because it may be political or

socially unacceptable to implement a suboptimal management option for the sake of
learning (Mcdonald-Madden et al 2010).

McDonald-Madden et al. (2010) presented the first example of using active adaptive

management to reduce model uncertainty for threatened species management. They
investigated the management of a disease affecting populations of the Tasmanian devil

Sarcophilus harrisii in Australia. The species had suffered a rapid decline in the last decades
due to the impact of a fatal novel tumor disease (McCallum et al 2007; McCallum 2008).

The novelty of the disease had led to multiple hypotheses regarding the population
dynamics; hence there was both a long-term objective to maintain the devil population and
a short-term objective to understand which of the hypothesis was correct. Three actions

were considered to fulfil the objective, all reflecting different underlying hypothesis about

the disease latency: 1) remove no individuals, 2) remove all visibly diseased adults and 3)

remove all adults from the subpopulation. Based on initial weights for each model, action 2

was favoured, as the action with the highest likelihood of maintaining the devil population.
This step however, does not show which action should be taken if model uncertainty

should be resolved; hence the short-term objective to understand which of the hypotheses

were correct. To do so, change in model weight and the potential trajectory of the

population, was simulated with implementation of the optimal strategy. The study showed

that action 2 was the most informative, as all three models predicted a different response,
contrary action 1, where model 1 and 2 responses could not be distinguished and action 3,

where neither of the model responses could be distinguished. Hence, by implementing
action 2, both the long-term management objective and short-term learning objective were
fulfilled.

Even if there is a complete knowledge of the biological processes and the impacts of

action, the system dynamics are often influenced by environmental variation, however
these stochastic events can often be characterised by probability statements (Conroy and

Peterson 2013). For managing mallards in North America, it means that a set of
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probabilities are assigned to various number of ponds in the Prairie Pothole Region in
Canada, as water conditions influence duck reproductive success (U.S. Fish and Wildlife

Service 2014). For managing the pink-footed goose population a set of probabilities are
assigned to various amounts of positive temperature days in May, as an estimate of snow
cover (Johnson et al. 2014a; Chapter 3).
Monitoring

Structural uncertainty in the system dynamics is reduced through monitoring; hence after a
management decision is implemented monitoring provides information of what changes

occurred to the system. Predicted and observed system states can then be compared to

update model weights. Additionally, monitoring provides an estimate of the current state of
the system before decisions are made (Conroy and Peterson 2013). Monitoring is the
kernel of adaptive management as the reduction of structural uncertainty and the basis for

improving decisions and management actions, cannot be reduced without monitoring.

When monitoring a specific plan the prime parameters are the outcomes used in the

utility function since these are used to estimate the expected outcome after the decision for
the alternative models, i.e. population size of pink-footed geese (Madsen & Williams 2012).

Nevertheless, monitoring will always be subjected to partial observability. There are

two basic approaches to coping with this uncertainty. First, there is the “minimum”

approach, e.g. those that base harvest decisions on a “minimum” population size. The
minimum population size is typically smaller than the true size. This approach is a
conservative one, as the allowable harvest will be more restricted than could likely be
sustained (Runge et al 2004).

The other approach incorporates uncertainty in a formal manner. This can be done

through a class of models called partially observable Markov decision processes
(POMDPs)(Monahan 1982; Fackler et al 2014). Adaptive management optimisations
problems are solved/optimised as a Markov decision process (MDP) (Puterman 1994;
Johnson and Williams 1999). A MDP makes the assumption that, given perfect knowledge

of current state, each move within system states is conditionally independent of the past
(Bellman 1957). However, as already mentioned, monitoring will always be subjected to
partial observability, and the decision must be made on the estimate of the system state
rather than the known value, leading to additional uncertainty in the optimisation. Now the

relationship between the known value and the estimate can be incorporated using POMDP.

POMDP is an extension of a Markov decision process which allows uncertainty about the
state of the underlying Markov process. Although useful in many situations POMDPs are
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not widely used due to the high computational demand of even noncomplex POMDP
(Fackler et al 2014).

Sustainable hunting where practised
Sustainable hunting is more than accounting for the above mentioned uncertainties and
setting optimal harvest levels to comply with ecologically balanced control. Sustainable

hunting must also comply with the principles of wise use as stated in the Bird Directive

(European Commission 2010). It is, however, not specified what wise use hunting entails,

but in the manifesto “Game 2000”, the Game Conservancy defines “wise use” as a situation

when: Population game, wildfowl, deer and fish are conserved and husbanded at densities

which allow cropping on a sustainable basis in a way which is sympathetic to other users of
the countryside and which benefits game, and the natural environment and rural

communities (Morrison 1989).Hence hunting must be sustainable in a societal perspective

other than just according to maximum or optimal harvest level.

This means that waterbirds should be able to fulfil their ecological requirements
throughout their annual cycle and follow their natural migration pattern. They must be able
to find opportunities to fulfil their fundamental requirements such as foraging, resting and

breeding. As hunting is a direct and potentially fatal disturbance, this may limit waterbirds

ability to fulfil their ecological requirements. These effects have been investigated
extensively in research studies (Meltofte 1982; Bartelt 1987; Bell and Owen 1990; Madsen

and Fox 1995; Madsen 2001; Dooley et al 2010). Based on field studies, both temporal and
spatial regulations are recommended in order to reduce hunting disturbance, including
diurnal or intermittent regulations, and spatial restrictions by establishing distinct hunting

zones and refuge areas for the birds (Fox and Madsen 1997; Madsen 1998). As a decline
has been observed for several species, these studies have mainly focused on the effects of
hunting or human disturbance from a site or species conservation perspective. Knowledge

of how to improve hunting practises to be able to shoot more individuals, while making
sure that hunted species are able to fulfil their ecological requirements throughout the
annual cycle, is limited, however.

The majority of goose populations breeding or wintering in Western Europe have

increased considerably in numbers during recent decades (Madsen et al 1999; Fox et al

2010) and hunting is one method to control and regulate species which have become too
abundant (Madsen & Williams 2012). To improve the understanding of how hunting affects

waterbirds, in particular pink-footed geese, and to ensure that hunting is sustainable in a
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societal perspective, the subject of the second part of the present thesis has been on how
local organisation of hunting can contribute to regulating the harvest of geese (Chapters 46).

Hunting on migratory geese is normally conducted during autumn migration, when

the geese are on the way back to the wintering grounds. During the migration the geese

stop to refuel at a number of staging areas to ensure survival while traversing back to
temperate regions. At these staging and wintering areas, their movements mainly depends

on local food availability, predation risk and weather conditions (Madsen 1988). To

improve hunting practises, it will be important to gather information on which

environmental factors affect the numbers of geese, as well as the timing of departure. The

factors affecting their departure may have implications for hunting management in the

area, for instance, we hypothesise that more geese can be shot if their departure is
postponed.

For the pink-footed geese it has been shown that neither food supplies nor weather

conditions (snow in particular) on their main stopover sites in Norway limit the number of

geese; in fact geese departed from the area while there are still plenty of food and weather
are still favourable (Chapter 4). As hunting is a widespread activity in the area, it is

suggested that disturbance from hunting is the main explanation behind the premature

departure by geese; hence if the management target is that more geese are to be shot it is
important to reduce disturbance from hunting (Chapter 4).

Nevertheless, some amount of hunting disturbance is inevitable, as the population of

pink-footed geese currently is above the population target and more geese have to be
harvested. To further improve hunting practises/organisation, there is a need to

investigate how hunting disturbances may be reduced, while at the same time optimising
hunting practise/organisation to shoot more individuals.

From a study on greylag geese Anser anser, behavioural responses to hunting,

occurring on a single day at intervals of one, two or three weeks, were measured to identify
tools to minimise the potential disturbance effect of wildfowling without entirely excluding

hunting from the zones adjoining disturbance-free core areas (Bregnballe and Madsen
2004). In this study neither overall goose numbers, nor the probability of returning to a

hunting site, was lower when the intervals between hunting were increased. As an

extension to this study, Chapter 5 sought to find the threshold of when the probability of

returning to a hunting site was negatively affected by reducing the intervals between
hunting events on pink-footed geese.
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The study showed that geese moved away from hunting sites during the day of

hunting and the first day after, but started to return on the second day. This was evident for

hunting events with more than 10 shots fired, while the geese showed no response when
only few shots (1-10) were fired. The geese did not return earlier to areas close to the

roosting site compared to areas further away (up to four km). Neither did they return

faster to hunting sites in the early phase of the migration compared to late in the season.
The number of geese, however, built up faster in the early phase of migration compared to

late in the season. Finally, there was a positive relationship between the number of hunting
free days and the number of geese shot up to a threshold of three days (after a hunting
event at any given hunting site).

In terms of maximising a sustainable hunting practise this suggests allowing for a

minimum of three days’ rest between each hunting event. The geese will then have time to

return to the fields for foraging and thus will allow the hunters to maximise their hunting

output. Additionally, the experimental study lends support to the suggestion in Chapter 4

that hunting causes a spatial and temporal displacement of geese and that this can be a
factor explaining why geese do not fully utilise the available resources in the area.

The knowledge gained in Chapter 4 and 5 may be used by landowners and hunters

to make geese stay longer and/or potentially shoot more geese. This implies, however, that

the location of the geese must be known. If regional/national or even international
knowledge of goose distribution and abundance was known, managers would be able to
guide the organisation of hunting for the benefit of both stakeholders and geese, following

wise-use principles. Additionally, it may be used formally in an adaptive harvest

management plan, linking the overall hunting quota set in Chapter 3, with a spatial hunting

organisation, by regulating size and/or place of the hunting areas to control the hunting
quota.

In Chapter 6 a model for spatial goose distribution was developed, using a species

distribution model. The model was used to identify areas with high goose abundance

and/or a low return time, as a proxy for important hunting areas in terms of potential in
optimising the hunting bag. Species distribution models are often used for effective
conservation planning, as it allows scientist and managers to identify areas of interest in

terms of protection across the landscape to maintain or increase wildlife populations
(Hansson and Angelstam 1991; Dunning 1995; Sanderson et al 2002; Morris 2003).

Nevertheless, these methods/this knowledge were used to design optimal organisation of

hunting with the aim to increase the harvest.
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The study found that large fields which are located close to a roost and away from

small roads will have the highest probability of geese occurring. In addition, large fields,
which are located close to a roost and away from big roads, will have the lowest return

time. It follows from these findings that in terms of maximising the hunting bag, hunters
will have a greater chance of encountering geese on fields with the given characteristics

and since the geese return quickly to these fields, more hunting events can be organised.

Additionally, a sustainable hunt is achieved because the geese will still have opportunities
to find feeding areas in the region.

If hunters are willing to organise themselves according to the spatial guidance

combining (Chapter 6) with the information about the temporal requirements from the

experimental investigation (Chapter 5), it will set an interesting example of how local and
regional initiatives can contribute to an international management process.

I am very pleased to see that my results have already been used by local landowners and
hunters in mid-Norway to change how hunting is organised. In the coming years it will be

interesting to see how powerful and flexible this voluntary co-management initiative will

be in the adaptive process, maybe even more so when it comes to the situation that harvest
has to be reduced as the population is brought closer to the target. If hunters are willing to

act according to the recommendations, hunters will have to self-regulate the local harvest,
e.g. potentially restrict their hunting activities.

From the above studies mentioned, it is also clear that bird responses to hunting

vary between species and locations. In order to determine and implement optimal hunting
practises, local and targeted studies are therefore needed. In addition to hunting, other

factors may influence the ecological requirements, such as inter-species competition, food
availability and weather, in particular snow and frost (Chapter 4; Kotrschal et al. 1993;
Madsen 2001; Rosin et al. 2012).

Beside the need to fulfil the ecological requirements of hunted species throughout

the annual cycle, there are other important issues that sustainable hunting must embrace.
An important issue is the wounding of birds by shotgun shooting. Hunting with shotguns

inevitably causes wounding of birds that are hit by pellets but not retrieved by the hunter.

Even though lightly crippled individuals are not necessarily injured to an extent to have

detectable chronic effects (Madsen and Riget 2007), it remains an animal welfare issue
which should be addressed and reduced. Furthermore, an unknown segment of birds

which are hit but not retrieved by the hunter may subsequently die from their injuries. The
main reasons for the crippling of birds are shots attempted at long distances and
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inexperienced hunters. Based on work on pink-footed geese it has been shown that

extensive campaigns among hunters to improve judgement of shooting distances and
hunter skills have been a successful way of lowering crippling rate (Noer et al 2007).

Reduction of crippling as part of wise-use of the geese is one of the objectives in the

international species management plan for the pink-footed geese (Madsen & Williams
2012).

Final remarks and the project aims
A great deal knowledge has been gained through European waterbird research since the
implementation of the Birds Directive in 1979 and a lot of data has been collected from

monitoring programs (Kuijken 2006). The link between research and management,
however, is still not efficient.

Management in Europe traditionally follows a two-step process. First scientists

collect information and provide results to managers. Managers are then expected to use
these results to make wise decisions, often without further consultations with scientists

(Nichols et al 2007). When looking through the lens of sustainable hunting management,

where waterbirds shot and death from natural causes should balance population increase

due to breeding, this is a major issue since neither harvest data nor breeding success is
registered in most European countries (Kanstrup 2006). The issue multiplies in severity

when looking at a migratory species since there is an added need of coordination between
countries. When lacking the correct tools to link and coordinate research and management,
the results will not be robust and hence potentially lead to wrong conclusions about
sustainable harvest levels (Elmberg et al 2006).

Besides uncertainties in the system dynamic, due to incorrect and/or limited

monitoring and data, managers need tools which incorporate these uncertainties in a

formal manner. As a consequence of these limits, uncertainty and undesirable outcomes is
often ignored, and managers choose decisions based on what is perceived as the least risky

decision (Conroy and Peterson 2013). This may lead to sustainable management when

uncertainties are small, however environmental changes are still happening at increasing
rates (Cubasch et al 2013), resulting in widespread changes in ecosystems. Hence the
incorporation of uncertainties and fast adapting management, to ensure an ecologically
balanced control of the species of birds concerned, may be more relevant than ever.

Adaptive management is one decision theoretical method which incorporates

uncertainties, links and coordinates research and management, and allows a more effective
way in achieving desired results from management. In addition, the procedure provides
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transparency and accountability in the managed system and stakeholder engagement from
the local to the international levels.

The goal of this PhD has been to support the development of the first adaptive

management plan for a migratory species in Europe, by providing models for determining
sustainable hunting levels, exploring the applicability of dynamic optimisation and through

research promoting improved hunting practises and organisation. The case of pink-footed

geese is rather exceptional in a European context because we have good data on population
size, demographic variables and harvest, which is rarely the case. As such it sets an

example for other populations and, hopefully, inspires managers and researcher to think
and act in a new way.

Overall conclusions
In this dissertation five projects have been presented which have all supported the

development of an adaptive management plan for the Svalbard breeding population of
pink-footed geese. The identification of a general climatic predictor for the breeding output
provided the foundation for annual-cycle models for the pink-footed geese. These models
are now used to calculate state-dependent harvest strategies using stochastic dynamic

programming and an objective function that maximise sustainable harvests, subject to a

constraint of the desired population size. The state-dependent harvest strategies calculated
in each decision cycle are used as the foundation for identifying the annual optimal harvest
strategy.

Two approaches were used to improve hunting practises following wise use

concepts: local and regional optimisation. Local optimisation showed that hunters can

optimise their practises to increase local harvest by temporal and spatial means. Firstly,
hunting events should be separated by approximately three days both in order to shoot

more geese and for letting the geese return to the hunting fields. Secondly, hunters will

benefit from coordinating their hunting events with neighbouring hunters, staying

approximately three km apart if shooting on the same day. Regional optimisation identified
areas with high probability of goose occurrence and/or a short return time, as a proxy for

important hunting areas. In Nord-Trøndelag in Norway, large fields which are located close

to a roost and away from small roads will have the highest goose occurrence. In addition,
large fields, which are located close to a roost or a potential roost site and away from big

roads, will have the shortest return time. It follows from these findings that both in terms

of maximising the hunting bag and allowing areas free of hunting, hunters should focus
hunting on these fields.
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In addition, environmental factors hypothesised to affect the numbers of pink-

footed geese at a hunting site were investigated to assess their possible influence. It was
found that there were plenty of resources left when the geese had moved on and no
significant snow cover to reduce its availability; hence there were apparently other reasons
for geese departing, most likely disturbance caused by hunting. However, by following the

advice for local and regional optimisation, hunting disturbance may be reduced, allowing
geese to stay longer in the area, which during autumn will be both beneficial for the
hunters and geese.

References

Bartelt GA (1987) Effects of disturbance and hunting on the behavior of Canada goose family
groups in eastcentral Wisconsin. J Wildl Manage 51:517–522. doi: 10.2307/3801261

Bell D V, Owen M (1990) Shooting disturbance - a review. In: Matthews GVT (ed) Manag. Waterfowl
Popul. International Wetlands and Waterfowl Research Bureau Special Publication no.12,
IWRB, Slimbridge, UK, Slibridge, UK, pp 159–171

Bellman R (1957) Dynamic Programming. Princet Univ Press Princet New Jersey 70:1–342. doi:
10.1108/eb059970

Bregnballe T, Madsen J (2004) Tools in waterfowl reserve management: Effects of intermittent
hunting adjacent to a shooting-free core area. Wildlife Biol 10:261–268.

Conroy MJ, Peterson JT (2013) Decision making in natural resource management: A structured,
adaptive approach, Wiley-Blac.

Cooch EG, Guillemain M, Boomer GS, et al (2014) The effects of harvest on waterfowl populations.
Wildfowl 220–276.

Cubasch UD, Wuebbles D, Chen D, et al (2013) Climate change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, United Kingdom and New York, NY, USA

Devineau O, Guillemain M, Johnson AR, Lebreton J-D (2010) A comparison of green-winged teal

Anas crecca survival and harvest between Europe and North America. Wildlife Biol 16:12–24.

doi: 10.2981/08-071

34

Chapter 1. Introduction

Dooley JL, Sanders TA, Doherty PF (2010) Mallard response to experimental walk-in and shooting
disturbance. J Wildl Manage 74:1815–1824. doi: 10.2193/2009-284

Dunning JB (1995) Spatially explicit population models: current forms and future uses. Ecol Appl
5:3–11. doi: 10.2307/1942045

Ellis DH, Sladen WJL, Lishman WA, et al (2003) Motorized migrations: The future or mere fantasy?
Bioscience 53:1–260. doi: 10.1641/0006-3568(2003)053[0260:MMTFOM]2.0.CO;2

Elmberg J, Nummi P, Pöysä H, et al (2006) The scientific basis for new and sustainable management
of migratory European ducks. Wildlife Biol 12:121–127. doi: 10.2981/09096396(2006)12[121:TSBFNA]2.0.CO;2

EuropeanCommission (2010) Directive 2009/147/EC of the European Parliament and of the
Council on the conservation of wild birds. Off J Eur Union L 20:7–25.

Fackler PL, Pacifici K, Martin J, McIntyre C (2014) Efficient use of information in adaptive

management with an application to managing recreation near golden eagle nesting sites. PLoS
One 9:e102434. doi: 10.1371/journal.pone.0102434

Fox AD, Ebbinge BS, Mitchell C, et al (2010) Current estimates of goose population sizes in western
Europe, a gap analysis and an assessment of trends. Ornis Svec 20:115–127. doi:
10.1111/j.1365-2486.2005.00941.x

Fox AD, Madsen J (1997) Behavioural and distributional effects of hunting disturbance on
waterbirds in Europe: Implications for refuge design. J Appl Ecol 34:1–13. doi: Doi
10.2307/2404842

Guillemain M., Sadoul N, Simon G (2005) European flyway permeability and abmigration in Teal
Anas crecca, an analysis based on ringing recoveries. Ibis (Lond 1859) 147:688–696.

Guisan A, Tingley R, Baumgartner JB, et al (2013) Predicting species distributions for conservation
decisions. Ecol Lett 16:1424–1435. doi: 10.1111/ele.12189

Hansson L, Angelstam P (1991) Landscape ecology as a theoretical basis for nature conservation.
Landsc Ecol 5:191–201. doi: 10.1007/BF00141434

Hilborn R, Walters CJ, Ludwig D (1995) Sustainable Exploitation of Renewable Resources. Annu Rev
Ecol Syst 26:45–67. doi: 10.1146/annurev.es.26.110195.000401

35

Chapter 1. Introduction

Holling CS (1978) Adaptive environmental assessment and management. The Blackburn Press, New
Jersey

Hoover-Miller A, Bishop A, Prewitt J, et al (2013) Efficacy of voluntary mitigation in reducing harbor
seal disturbance. J Wildl Manage 77:689–700. doi: 10.1002/jwmg.510

Jensen GH, Madsen J, Johnson FA, Tamstorf MP (2014) Snow conditions as an estimator of the

breeding output in high-Arctic pink-footed geese Anser brachyrhynchus. Polar Biol 37:1–14.

doi: 10.1007/s00300-013-1404-7

Jensen RA, Madsen J, O’Connell M, et al (2008) Prediction of the distribution of Arctic-nesting pinkfooted geese under a warmer climate scenario. Glob Chang Biol 14:1–10. doi: DOI
10.1111/j.1365-2486.2007.01461.x

Johnson F, Williams K (1999) Protocol and practice in the adaptive management of waterfowl
harvests. Ecol. Soc. 3(1):8

Johnson FA, Jensen GH, Madsen J (2013) Adaptive harvest management for the Svalbard population
of pink-footed geese. 2012 progress summary.

Johnson FA, Jensen GH, Madsen J, Williams BK (2014a) Uncertainty, robustness, and the value of

information in managing an expanding Arctic goose population. Ecol Modell 273:186–199. doi:

10.1016/j.ecolmodel.2013.10.031

Johnson FA, Madsen J, Jensen GH (2014b) Adaptive harvest management for the Svalbard

population of pink-footed geese. 2014 progress summary. Aarhus University, DCE – Danish

Centre for Environment and Energy 22 pp. Technical Report from DCE – Danish Centre for

Environment and Energy No. 40

Johnson FA, Moore CT, Kendall WL, et al (1997) Uncertainty and the Management of Mallard
Harvests. J Wildl Manage 61:202–216. doi: 10.2307/3802429

Kanstrup N (2006) Sustainable harvest of waterbirds: a global review. In: Boere GC, Galbraith CA,
Stroud DA (eds) Waterbirds around the world. The Stationery Office, Edinburgh, UK, pp 98–
106

Keeney RL, Raiffa H (1976) Decisions with Multiple Objectives: Preferences and Value Trade-Offs.
Wiley, New York

36

Chapter 1. Introduction

Kotrschal K, Hemetsberger J, Dittami J (1993) Food exploitation by a winter flock of greylag geese:
Behavioral dynamics, competition and social status. Behav Ecol Sociobiol 33:289–295. doi:
10.1007/BF00172926

Kuijken E (2006) A short history of waterbird conservation. In: Boere GC, Galbraith CA, Stroud DA
(eds) Waterbirds around the world. The Stationert Office, Edinburgh, UK, pp 52–59

Larkin PA (1977) An Epitaph for the Concept of Maximum Sustained Yield. Trans Am Fish Soc
106:1–11. doi: 10.1577/1548-8659(1977)106<1:AEFTCO>2.0.CO;2

Madsen J (2010) Age bias in the bag of pink-footed geese Anser brachyrhynchus: Influence of

flocking behaviour on vulnerability. Eur J Wildl Res 56:577–582. doi: DOI 10.1007/s10344009-0349-1

Madsen J (1998) Experimental refuges for migratory waterfowl in Danish wetlands. II. Tests of
hunting disturbance effects. J Appl Ecol 35:398–417.

Madsen J (2001) Can geese adjust their clocks? Effects of diurnal regulation of goose shooting.
Wildlife Biol 7:213–222.

Madsen J (1988) Autumn feeding ecology of herbivorous wildfowl in the Danish Wadden Sea and
the impacts of food supplies and shooting on movements. Danish Rev Game Biol 13:1–32.

Madsen J, Cottaar F, Amstrup O, et al (2014a) Svalbard pink-footed goose. Population status report
2013-14. Aarhus University, DCE – Danish Centre for Environment and Energy. Technical
Report from DCE – Danish Centre for Environment and Energy No. 39.

Madsen J, Fox AD (1995) Impact of hunting disturbance on waterbirds - a review. Wildlife Biol
1:193–207.

Madsen J, Kuijken E, Meire P, et al (1999) Pink-footed goose Anser brachyrhynchus: Svalbard. Goose
Popul. West. Palearctic. A Rev. status Distrib. Wetlands International Publication, Wetlands
International, Wageningen, The Netherlands, National Environmental Research Institute,
Rønde, Denmark.

Madsen J, Riget F (2007) Do embedded shotgun pellets have a chronic effect on body condition of
pink-footed geese? J Wildl Manage 71:1427–1430. doi: Doi 10.2193/2006-108

37

Chapter 1. Introduction

Madsen J, Tjørnløv RS, Frederiksen M, et al (2014b) Connectivity between flyway populations of
waterbirds: Assessment of rates of exchange, their causes and consequences. J Appl Ecol
51:183–193. doi: 10.1111/1365-2664.12183

Madsen J, Williams JH (2012) International species management plan for the Svalbard population of
the pink-footed goose Anser brachyrhynchus. AWEA Technol. Rep. No. 48. African-Eurasian

Waterbird Agreement, Bonn, Germany.

Martin J, Fackler PL, Nichols JD, et al (2011) An adaptive-management framework for optimal

control of hiking near golden eagle nests in Denali National Park. Conserv Biol 25:316–323.

doi: 10.1111/j.1523-1739.2010.01644.x

McCallum H (2008) Tasmanian devil facial tumour disease: lessons for conservation biology.
Trends Ecol Evol 23:631–637. doi: 10.1016/j.tree.2008.07.001

McCallum H, Tompkins DM, Jones M, et al (2007) Distribution and impacts of Tasmanian devil facial
tumor disease. Ecohealth 4:318–325. doi: 10.1007/s10393-007-0118-0

Mcdonald-Madden EVE, Probert WJM, Hauser CE, et al (2010) Active adaptive conservation of
threatened species in the face of uncertainty. Ecol Appl 20:1476–1489. doi: 10.1890/090647.1

McGowan CP, Simons TR (2006) Effetcs of human recreation on the incubation behavior of
American Oystercatchers. Wilson J Ornithol 118:485–493. doi: 10.1676/05-084.1

McIntyre CL, Adams LG (1999) Reproductive Characteristics of Migratory Golden Eagles in Denali
National Park, Alaska. Condor 101:115–123. doi: 10.2307/1370452

Meltofte H (1982) Jagtlige forstyrrelser af svømme-og vadefugle. Dansk Ornithol Foren Tidsskr
76:21–35.

Mills LS (2007) Conservation of Wildlife Populations: Demography, Genetics, and Management,
Blackwell. Blackwell Publishing, Ltd.

Monahan GE (1982) A Survey of Partially Observable Markov Decision Processes: Theory, Models,
and Algorithms. Manage Sci 28:1–16. doi: 10.2307/2631070

Morris DW (2003) How can we apply theories of habitat selection to wildlife conservation and
management? Wildl Res 30:303–319. doi: 10.1071/WR02028

38

Chapter 1. Introduction

Morrison CA (1989) Game 2000: A manifesto for the future of game in Britain. Annu Rev Game
Conserv 26–28.

Morrissette M, Bety J, Gauthier G, et al (2010) Climate, trophic interactions, density dependence and
carry-over effects on the population productivity of a migratory Arctic herbivorous bird. Oikos
119:1181–1191. doi: DOI 10.1111/j.1600-0706.2009.18079.x

Nichols J, Runge M, Johnson F, Williams B (2007) Adaptive harvest management of North American
waterfowl populations: a brief history and future prospects. J Ornithol 148:343–349. doi:
10.1007/s10336-007-0256-8

Noer H, Madsen J, Hartmann P (2007) Reducing wounding of game by shotgun hunting: Effects of a
Danish action plan on pink-footed geese. J Appl Ecol 44:653–662. doi: 10.1111/j.13652664.2007.01293.x

Prop J, de Vries J (1993) Impact of snow and food conditions on the reproductive performance of
barnacle geese Branta leucopsis. Ornis Scand 24:110–121.

Puterman ML (1994) Markov Decision Processes Discrete Stochastic Dynamic Programming. Med
Decis Mak 30:474–483. doi: 10.1177/0272989X09353194

Reeves HM, Cooch FG, Munro RE (1976) Monitoring Arctic habitat and goose production by satellite
imagery. J Wildl Manage 40:532–541.

Rosin ZM, Skórka P, Wylegała P, et al (2012) Landscape structure, human disturbance and crop

management affect foraging ground selection by migrating geese. J Ornithol 153:747–759. doi:
10.1007/s10336-011-0791-1

Runge MC, Kendall WL, Nichols JD (2004) Exploitation. In: Sutherland WJ, Newton I, Green RE (eds)
Bird Ecol. Conserv. A Handb. Tech. Oxford University Press, Oxford, UK, pp 303–328

Sanderson EW (2006) How Many Animals Do We Want to Save? The Many Ways of Setting
Population Target Levels for Conservation. Bioscience 56:911. doi: 10.1641/0006-

3568(2006)56[911:HMADWW]2.0.CO;2

Sanderson EW, Redford KH, Vedder A, et al (2002) A conceptual model for conservation planning

based on landscape species requirements. Landsc Urban Plan 58:41–56. doi: 10.1016/S0169-

2046(01)00231-6

39

Chapter 1. Introduction

Taylor AR, Knight RL (2003) Wildlife responses to recreation and associated visitor perceptions.
Ecol Appl 13:951–963. doi: 10.1890/1051-0761(2003)13[951:WRTRAA]2.0.CO;2

Tear T, Kareiva P, Angermeier PL, et al (2005) How much is enough? The recurrent problem of
setting measurable objectives in conservation. Bioscience 55:835. doi: 10.1641/00063568(2005)055[0835:HMIETR]2.0.CO;2

U.S. Fish and Wildlife Service (2014) Adaptive Harvest Management: 2014 Hunting Season. U.S.
Department of Interior, Washington, D.C.

United States Code (1918) Title 16 USC 703 Migratory Bird Treaty Act of 1918.

Walters CJ, Hilborn R (1978) Ecological Optimization and Adaptive Management. Annu Rev Ecol
Syst 9:157–188. doi: 10.1146/annurev.es.09.110178.001105

Westgate MJ, Likens GE, Lindenmayer DB (2013) Adaptive management of biological systems: A
review. Biol Conserv 158:128–139. doi: 10.1016/j.biocon.2012.08.016

Wetlands International (2012) Waterbird population estimates, fifth edition. Summary report.
Wageningen, The Netherlands

Williams BK (2011) Passive and active adaptive management: Approaches and an example. J
Environ Manage 92:1371–1378. doi: 10.1016/j.jenvman.2010.10.039

Williams BK, Johnson FA (1995) Adaptive management and the regulation of waterfowl harvests.
Wildl Soc Bull 23:430–436.

Williams BK, Nichols JD (2014) Optimization in natural reseource conservation. In: Guntenspergen
GR (ed) Appl. Threshold Concepts Nat. Resour. Decis. Mak. Springer Science, Maryland, USA,
pp 45–64

Williams BK, Nichols JD, Conroy MJ (2002) Analysis and management of animal populations. Acad
Press Wright D H 1:817.

Williams BK, Szaro RC, Shapiro CD, et al (2009) Adaptive management: the U.S. Department of the
Interior Technical Guide. Policy 1–84.

Williams JH, Madsen J (2013) Stakeholder perspectives and values when setting waterbird

population targets: Implications for flyway management planning in a European context. PLoS
One. doi: 10.1371/journal.pone.0081836

40

Chapter 1. Introduction

Zöckler C, Hla TH, Clark NA, et al (2010) Hunting in Myanmar is probably the main cause of the
decline of the Spoon-billed Sandpiper Calidris pygmeus. Wader Study Gr Bull 117:1–8.

41

42

Chapter 2

Snow conditions
Gitte Høj Jensen, Jesper Madsen, Fred A. Johnson & Mikkel P. Tamstorf
Polar Biology, 37(1), 1–14.
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days. To test for the presence of density dependence, we
included the number of adults in the population. For
2000–2011, MODIS-derived snow cover (available since
2000) was the strongest indicator of breeding conditions.
For 1981–2011, winter NAO and May thaw days had equal
weight. Interestingly, there appears to have been a phase
shift from density-dependent to density-independent
reproduction, which is consistent with a hypothesis of
released breeding potential due to the recent advancement
of spring in Svalbard.

Abstract The Svalbard-breeding population of pinkfooted geese Anser brachyrhynchus has increased during
the last decades and is giving rise to agricultural conflicts
along their migration route, as well as causing grazing
impacts on tundra vegetation. An adaptive flyway management plan has been implemented, which will be based
on predictive population models including environmental
variables expected to affect goose population development,
such as weather conditions on the breeding grounds. A
local study in Svalbard showed that snow cover prior to
egg laying is a crucial factor for the reproductive output of
pink-footed geese, and MODIS satellite images provided a
useful estimator of snow cover. In this study, we up-scaled
the analysis to the population level by examining various
measures of snow conditions and compared them with the
overall breeding success of the population as indexed by
the proportion of juveniles in the autumn population. As
explanatory variables, we explored MODIS images, satellite-based radar measures of onset of snow melt, winter
NAO index, and the May temperature sum and May thaw

Keywords Breeding success  Density dependence 
Adaptive management  Snow cover  Winter NAO 
MODIS  Pink-footed goose  Reproduction

Introduction
During the last several decades, widespread changes in the
global climate and environment have been observed, with
the Arctic having experienced more heat than any other
region on Earth (AMAP 2011). Climate change is expected
to result in a variety of biological responses in Arctic
animal populations (ACIA 2005; Post et al. 2009; Gilg
et al. 2012). Responses range from direct effects like loss
of sea ice habitat, or loss of snow cover on potential nesting
grounds for birds, to indirect effects like advanced snow
melt resulting in earlier plant growth or drying of habitats.
In the short term, such changes may have negative or
positive effects on organisms at higher trophic levels
depending on their eco-physiological or behavioral ability
to adjust their timing of emergence, migration, or reproduction. On the negative side, trophic mismatches between
available resources and the timing of reproduction have
been suggested in caribou Rangifer tarandus (Post et al.
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autumn (Madsen and Williams 2012). A population target
for pink-footed geese has been agreed upon through an
adaptive harvest-management framework (Nichols et al.
2007). The idea is to regulate harvest rates based on a suite
of demographic models, which include a host of variables
related to goose population development (Nichols et al.
2007). Since climate change is hypothesized to contribute to
the growth of the population, it is important to identify
reliable variables that can be used to predict the breeding
output in advance of the hunting season and, hence,
improve the reliability harvest-management decisions.
From 2003 to 2006, a study on a local scale was conducted to explore the applicability of snow cover estimates
derived from satellite imagery as an explanatory variable of
nesting phenology, numbers of nesting pairs, and breeding
success. The results showed that MODIS satellite images
were useful for estimating snow cover and that snow cover
appeared to have a number of effects on local reproductive
parameters (Madsen et al. 2007). An extension of the study
to 2010–2012 showed that the local population had more
than doubled, from 49 nests in 2005 to 226 nests in 2010.
However, annual numbers of breeding geese were still
reduced in years with extended spring snow cover
(Anderson et al. submitted).
In this study, we up-scale the analysis to the population
level by examining various measures of snow conditions
and spring temperatures and compared them with the
overall breeding success of the population recorded as
indexed by the proportion of juveniles in the autumn
population. We explored MODIS images from a longer
time series and combined for several nesting sites, microwave backscatter as a measure of onset of snow melt, the
May temperature sum and number of days with temperatures above the freezing point (as a proxy of the degree of
snow melt), and winter North Atlantic Oscillation (NAO)
as explanatory variables. In addition, we included observed
adult population size in the previous autumn to test for
density dependence in reproductive output. Our hypothesis
was that overall productivity will be lower in years with a
late onset of snow melt, high degree of snow cover, and/or
low temperature sum and number of thaw days in May. Our
aim was to find a general predictor for the reproductive
output of the Svalbard population of pink-footed geese,
which can be included in population models as part of the
adaptive harvest-management framework.

2008) and snow geese Anser caerulescens (Dickey et al.
2008), resulting in reduced productivity and survival of
offspring. On the positive side, early snow melt and
reduced snow cover may be beneficial for animal populations where snow or frost limit the accessibility to food
resources or nesting grounds. Additionally, warming may
lead to higher productivity of food resources (Cadieux
et al. 2008; Madsen et al. 2011).
In Arctic-breeding geese, the timing of breeding and
reproductive success is highly variable and depend on a
number of intrinsic and extrinsic factors, but perhaps, none
is more important than the timely disappearance of snow
and ice to allow for the initiation of nesting (Reeves et al.
1976; Owen and Norderhaug 1977; Prop and de Vries
1993; Strong and Trost 1994; Morrissette et al. 2010).
Especially, in high-Arctic-breeding species, this is critical
because of the short frost-free season. As an adaptation,
high-Arctic-nesting pink-footed geese are capital breeders;
they build up energy stores, copulate, and start follicular
development on the spring staging areas in Norway prior to
the final migration to Svalbard (Drent et al. 2003; Madsen
and Klaassen unpubl. data). Therefore, when they arrive on
the breeding grounds in Svalbard in the second or third
week of May, they can, depending on the snow conditions,
either begin egg laying almost right away (Glahder et al.
2006; Madsen et al. 2007) or wait until the nesting sites
clear of snow. The delay can result in geese increasingly
abandoning nesting efforts (Madsen et al. 2007). Furthermore, during prolonged snow cover, feeding opportunities
are limited and geese have to rely on body reserves. As a
consequence, late-nesting geese may lay smaller clutches
and their offspring may have a lower survival (Lepage
et al. 2000). In pink-footed geese, it is predicted that earlier
snow melt due to climate change will lead to increased nest
success (Madsen et al. 2007). In addition, a longer frost and
snow-free season is predicted to increase the available
habitat for breeding (Jensen et al. 2008).
The population of pink-footed geese has more than
doubled in numbers since the 1990s, reaching an unprecedented peak of 80,000 in autumn 2011. The recent increase
seems at least partly due to improved breeding success
(Madsen unpubl. data). As the population has increased,
goose foraging on farmland has increased conflicts with
agricultural interests on the wintering grounds in Belgium,
the Netherlands, and Denmark, and especially in staging
areas in Norway (Madsen and Williams 2012). In addition,
there are signs of degradation of vulnerable tundra vegetation in Svalbard due to increasing grazing pressure by pinkfooted geese (Speed et al. 2009). Therefore, it has been
agreed to develop an international flyway management plan
under the auspices of the African-Eurasian Waterbird
Agreement. The plan includes objectives to stabilize the
population size by increasing the harvest of geese in the

Materials and methods
Study population
The Svalbard population of pink-footed geese mainly
breeds in lowland valleys, coastal plains, and under bird
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Population productivity and population size

In assessing the influence of May snow conditions on
population productivity, the proportion of juveniles in the
following autumn population is used. The proportion of
juveniles in the population and brood sizes have been
assessed annually since 1980 on the staging grounds in
Denmark and the Netherlands during September–October
(Ganter and Madsen 2001). At this time, it is possible to
distinguish between juveniles (\ year) and those older
(1.5-year-old immatures plus C2.5-year-old potential
breeders) by plumage characteristics (Patterson and Hearn
2006).
In early November each year, the size of the pink-footed
goose population is estimated by ground counts over the
entire nonbreeding range from Trøndelag in mid Norway,
to Denmark, the Netherlands, and Belgium. Counts are
made by experienced teams of goose counters and on fixed
days to prevent double counts. In recent years, counts have
been performed in spring as well.
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Density-dependent effects
Fig. 1 Pink-footed goose nesting distribution in Svalbard and the
nine areas selected for analysis of snow cover: A Sassendalen,
B Adventdalen, C Daudmannsøyra, D Nordenskiöldkysten, E Dunderbukta, F Bohemiaflya, G Reinsdyrflya, H Rosenbergdalen, and
I Grunlinnesletta. Dark grey colors refer to confirmed nesting areas;
light grey to probable nesting areas (5 9 5 km grid resolution) (from
http://goosemap.nina.no). R1–R7 refer to the regions used in the
analysis of snow melt onset (from Rotschky et al. 2011). The meteorological stations Svalbard Airport and Ny-Ålesund are indicated by
and S and N, respectively

In addition to searching for climatic predictors for reproductive output of pink-footed geese, we looked for presence of density dependence in the population by including
the observed adult population in the previous year. The
adult population in this paper consists of both 1.5-year-old
immatures and C2.5-year-old potential breeders, since the
autumn populations counts only allow us to partition
juveniles (\ year) and those older (C1.5 years). In the
following spring, these will be aged 1.0 year and
C2.0 year. Based on neck-band observations, 2-year birds
have been observed with offspring (Madsen unpubl. data);
therefore, we used the number of C1.5-year olds in the
autumn to index the potential number of breeders during
the subsequent spring. We used the adult population rather
than total population size as a measure of density because
we believe it would better reflect potential competition for
nesting sites in Svalbard. The number of adult birds was
calculated from annual population estimates and age ratios.

cliffs in the central part of the main island of Spitsbergen
(Fig. 1; http://goosemap.nina.no). After arrival, the first
eggs are laid from May 20 to June 14 (Madsen et al. 2007).
This is followed by a 26- to 27-day incubation period and
an eight-week fledging period (Owen 1980). The pinkfooted geese prefer nesting in close vicinity to feeding
patches such as wet moss vegetation. Nests are mainly
found in patches of Dryas heath vegetation on south-facing
slopes with intermediate grade and intermediate elevation
(Wisz et al. 2008).
The Svalbard population winters in Denmark, the
Netherlands, and Belgium and migrates northward via
staging areas in Denmark, Nord-Trøndelag in mid Norway, and Vesterålen in north Norway. Furthermore, the
geese stop at pre-nesting areas in west Spitsbergen before
finally arriving at the nesting sites (Glahder et al. 2006).
In late June, nonbreeding geese or failed breeders
undertake a molt migration from the western to the
eastern and northern parts of Svalbard (Glahder et al.
2007).

Explanatory variables
Snow cover
To up-scale the previous study, we selected nine places in
Svalbard, all known to be pink-footed goose breeding areas
and covering the core breeding range of the population
(Fig. 1; http://goosemap.nina.no). Six of the nesting areas
are located in west Spitsbergen: A) Sassendalen (17.00°E,
78.20°N); B) Adventdalen (16.00°E, 78.20°N); C) Daudmannsøyra (13.08°E, 78.15°N); D) Nordenskiöldkysten
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North Atlantic oscillation

(13.45°E, 77.54°N); E) Dunderbukta (13.58°E, 77.29°N);
and F) Bohemiaflya (12.04°E, 78.49°N); one site was
selected to represent the northern part: G) Reinsdyrflya
(13.30°E, 79.47°N) and two on Edgeyøa, namely H) Rosenbergdalen (21.50°E, 78.50°N) in the northwest and I)
Grunlinnesletta (22°E, 78°N) in the southwest.
The distribution of snow cover in the nine study areas
was analyzed using MODIS satellite images with a resolution of 250 m, since reliable snow depth data are not
available. This was done to evaluate the snow cover conditions at the time of egg laying from 2000 to 2011. All
images were geo-referenced using the MODIS Swath Reprojection Tool (https://lpdaac.usgs.gov/tools/modis_
reprojection_tool_swath). No atmospheric correction was
performed. Due to cloud cover on many MODIS satellite
images, the dates of imagery ranged from May 16 to June
4, but as for the previous analysis, we found that the images
were applicable to compare snow conditions from year to
year. This is due to low temperature, minimum of precipitation, and generally late onset of melt. It was possible to
get cloud-free images for the 12-year period for all nine
areas with the exception of Dunderbukta (area E) in 2004
and Daudmannsøyra (area C) in 2009. Classification was
done in accordance with Madsen et al. (2007).

The large-scale climatic phenomenon NAO is largely an
atmospheric mode. It controls the strength and direction of
westerly winds and storm tracks across the North Atlantic,
which induces variation in temperature and precipitation
from central North America to Europe and into Northern
Asia. NAO is based on the difference in normalized sealevel pressure between Lisbon (Portugal) and Stykkisholmur (Iceland) (Hurrell 1995). Annual fluctuations in the
NAO/Arctic oscillation (AO) have been associated with
interannual variability in onset of snow, snowmelt, and the
number of snow-free days observed in the Northern
Hemisphere (Bamzai 2003; Luks et al. 2011). High/positive NAO/AO is associated with warm and wet winters in
northern Europe, due to enhanced westerly flow, which
moves mild moist air north-eastwards across the North
Atlantic toward the eastern part of the Arctic. However,
Svalbard is at the edge of the pressure system and does not
follow the normal trend. Studies from Adventdalen (Tyler
et al. 2008) and Hornsund (Luks et al. 2011) show that cold
and dry winters in Svalbard are associated with high/
positive NAO/AO and vice versa. We adopt these results to
get a more local measure of spring temperatures and snow
conditions. In this study, we use the winter NAO index
between December and March, which displays the greatest
interannual and decadal variability (Hurrell 1995), and it is
the index that has been associated with the observed longterm increase in the extratropical mean temperature of the
Northern Hemisphere (Hurrell 1996).

Summer melt onset
Using images from the satellite QuikSCAT SIT, which are
based on a SeaWind microwave scatterometer, it is possible to detect the onset of snow melt due to the pronounced
backscatter contrast between dry and wet snow. Snow melt
onset is defined as the point in time when microwave
brightness temperatures increase sharply due to the presence of liquid water in the snowpack. Rotschky et al.
(2011) used the methodology to identify the annual summer melt onset (SMO) in seven regions of Svalbard (Fig. 1;
http://goosemap.nina.no) for the period 2000–2008, and we
have used their estimates. Unfortunately, in November
2009, QuikSCAT failed and we are not aware of updated
datasets based on a new sensor and that have been calibrated with QuikSCAT.

Statistical analysis
All our metrics are related to snow conditions, and several
of the areas investigated for each explanatory variable are
located close to each other.
We therefore expected some degree of correlation
between the explanatory variables and between the areas
investigated for each explanatory variable. The presence of
correlation was tested using Pearson’s correlation coefficient. Whenever significant correlation was established
between explanatory variables, only one variable was
analyzed at a time, and when correlation was present
between areas, an average of areas was taken.
Climate and goose population data ranged from 1981 to
2011. However, due to lack of data pre-2000 for the variables snow cover and SMO, the analysis of the variables as
predictors for the proportion of juveniles was split into two
periods: the complete period from 1981 to 2011 and a
shorter period from 2000 to 2011. Further, since the Arctic
has experienced more heat than any other region on Earth,
we also looked for trends in predictors using locally

Temperature sum and thaw days
As a proxy for the strength of snow melt, we used
(a) temperature sum, defined as the cumulative sum of
average daily mean temperatures above 0 °C during May,
and (b) thaw days, defined as the number of days in May
with average daily mean temperature above 0 °C. The
mean daily temperature was derived from Ny-Ålesund and
Svalbard Airport meteorological stations (Fig. 1; http://
goosemap.nina.no; http://www.met.no).
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classification did not fall below 97.5 %. Image acquisition
dates are shown in Appendix of supplementary material

weighted polynomial regression (Cleveland 1979) and by
examining means pre- and post-2000.
The ability of different covariates to explain variation in
the proportion of juveniles was assessed using maximum
likelihood estimation. We used a generalized linear model
with a logit-link function and examined both a binomial
and beta-binomial distribution for the proportion of juveniles. Thus, to test the effect of environmental variable on
the proportion of juveniles (pt), we used a model of the
form (Eq. 1):
pt ¼

1
ð1 þ expððb0 þ b1 X þ b2 AÞÞÞ

Summer melt onset
The annual SMO during 2000–2008 derived from Rotschky et al. (2011) had its earliest start on April 24 (region
R5, 2006) and the latest on June 22 (region R6, 2000 and
region R7, 2008). The northern and eastern regions had a
later SMO than the southern and western regions. On
average, the onset of snow melt was earliest in region R1
(May 28) and latest in region R6 (June 12). Among years,
2006 had the earliest SMO (May 14) and 2000 had the
latest (June 18). Correlation was observed between regions
for estimation of annual SMO (r = 0.4133–0.9773,
r = 0.7916, n = 21), and an average was used in analyses.

ð1Þ

where X is either snow cover, SMO, winter NAO, May
thaw days, or May temperature sum in the present year, A
is the adult population in the previous autumn, and b are
regression coefficients. For the period 2000–2011, all
predictor variables were available, and we refer to the
associated models as model set 1. For model set 2, we used
available data from 1981–2011, which means that X is
limited to either winter NAO, May temperature sum, or
May thaw days.
We assessed relative model utility using Akaike’s
information criterion (AIC) (Burnham and Anderson
2002). The model with the smallest AIC value was selected
as providing the best description of the data. Model weights
were also calculated based on AIC values, reflecting the
relative weight of evidence in favor of the respective
models from among all the candidate models. All analyses
were performed using the R statistical program (http://
www.r-project.org).

Temperature sum and thaw days
In Ny-Ålesund, the number of days in May with mean
temperature above 0° ranged from 0 days (1996, 1998, and
2007) to 19 days (2010), with an average of 7 days. At
Svalbard Airport, the May thaw days ranged from 0 days
(1998) to 22 days (2010), with an average of 8 days. The
number of May thaw days was lowest for the northern
station Ny-Ålesund and highest for the inland station
Svalbard Airport. May thaw days for the two weather
stations were strongly correlated (r = 0.7482), and an
average was used in analyses. Between periods, the average May thaw days during 2000–2011 nearly doubled
compared to 1981–1999 (10 vs. 6 days). The locally

Results

20

Snow cover
15

Thaw days

Snow cover in late May during 2000–2011 varied from
2 % (area C, 2010) to 100 % (area G, 2002, 2011). The
northern areas had a higher percentage of snow cover than
the southern areas, and the areas located inland and to the
east had a lower snow cover than the coastal areas. On
average, area G had the highest percentage snow cover
(93.6 %), and area B had the lowest (64.9 %). Among
years, 2010 had the lowest average percentage snow cover
(46.8 %), and 2008 had the highest (95.0 %). For all areas,
2010 and 2006 (with the exception of 2010, area G) were
below the average snow cover, and 2000 and 2008 were
above.
Because we found snow cover between the nine areas
used for snow cover classifications to be correlated
(r = 0.1023–0.9049, r = 0.4920, n = 21), we used an
average for subsequent analyses. The accuracy of snow
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Year

Fig. 2 Trend in average May thaw days from 1981–2011 (solid line),
the overall mean (grey line), and the pre-2000 and post-2000 means
(dashed lines)
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weighted regression was also suggestive of an increasing
trend in May thaw days (Fig. 2).
In Ny-Ålesund, the May temperature sum ranged from 0
degree-days (1996, 1998, and 2007) to 36.5 degree-days
(2006), with an average of 9.3 degree-days. At Svalbard
Airport, May temperature sum ranged from 0 degree-days
(1998) to 42.6 degree-days (2006), with an average of 10.6
degree-days. Correlation was observed between May temperature sum for the two weather stations (r = 0.7951),
and an average was used in analyses.
In regards to trend in average May temperature sum
between the two periods 1981–1999 and 2000–2011, we
see the same tendency as for May thaw days. The latest
period (2000–2011) had an average of 13.4 degree-days,
whereas the earlier period (1981–1999) had 7.8 degreedays.
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Fig. 3 Development of the size of the total Svalbard pink-footed
goose population (solid line) and the adult population size (1.5-yearold immatures and C2.5-year-old potential breeders) (grey line),
1981–2011

North Atlantic oscillation
From 1981–2011, the winter NAO ranged from 5.08 (1989)
to -4.64 (2010), with an average of 0.91. Ten years were
associated with a negative NAO index, whereas 20 years
were associated with positive NAO index. Investigating
trends in winter NAO show that a large proportion of the
negative values were in the period 2000–2011, with an
index mean of -0.07 (warm and wet) compared to the
period 1981–1999 with an index mean of 1.51 (cold and
dry).

Proportion of juvenile

0.20

Population parameters
During 1981–2011, the proportion of juveniles in autumn
ranged from 0.049 (2000) to 0.236 (1987 and 1995), with
an average of 0.146, and total autumn population estimates
ranged from 21,000 (1981) to 80,000 (2011), with an
average of 40,461. The adult population ranged from
19,320 (1981) to 64,400 (2011), with an average of 34,637
(Fig. 3). The trend in proportion of juveniles seems to
follow two directions: first a decrease until around 2000
and thereafter an increase (Fig. 4). The average proportion
of juveniles for the first period (1981–1999) was 0.154
(±0.083, n = 19), and for the second period, it was 0.128
(±0.096, n = 12).
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0.05
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Fig. 4 Trend in proportion of juveniles from 1981–2011 (solid line),
the overall mean (grey line), and the pre-2000 and post-2000 means
(dashed lines)

explanatory variables (Fig. 5), only one variable was
investigated at a time in the candidate models. We did not
include SMO in the analysis due to the short time series
and correlation with the other environmental variables
(Fig. 5).
Given the set of candidate models for the period 2000–
2011 (Table 1), the model using current snow cover and
prior adult population (Eq. 2; Fig. 6a) had the lowest AIC
value and the highest model weight (0.4404), compared to

Population productivity models
To investigate the potential of a variety of environmental
variables as predictors for proportion of juveniles (pt), the
following four variables were selected: (1) average snow
cover for areas with cloud-free images for the period
2000–2011 (areas A, B, D, F, G, H, and I); (2) winter NAO;
(3) average May temperature sum; and (4) average May
thaw days. Due to correlation among the average
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0.6638

0.7365

0.8028

0.7676

0.9122

0.7147

0.3906

0.8715

0.1889

0.2899

Fig. 5 Correlation between the environmental variables; average snow cover, average summer melt onset (Julian date), average May
temperature sum (°C), average number of May thaw days, and winter NAO index

the second best model, which only used snow cover (dAIC
2.2, weight 0.1462) (Table 2). Both models suggest an
increase in snow cover results in a decrease in proportion
of juveniles. Interestingly, the model that included prior
adult population size is not negative density dependent, but
rather the opposite. Thus, larger prior adult population is
associated with a larger proportion of juveniles. However,
there is no statistical evidence of a positive effect from
adult population on the proportion of juveniles
(bz = 0.0216, 95 % CI -0.0025–0.0457). This tendency is
independent of the climatic variable used in model set 1.
The best candidate model was (R2 = 0.7468, F2,9 = 13.27,
p = 0.0021):

pt ¼

For the longer period, ranging from 1981 to 2011, three
models showed equally low AIC values and almost equal
model weight (Table 3): the density-dependent model
using winter NAO index (weight 0.1791) (Eq. 3a; Fig. 6b),
the density-independent model using winter NAO index
(weight 0.1787) (Eq. 3b; Fig. 6c), and the density-dependent model using May thaw days (weight 0.1774) (Eq. 3c;
Fig. 6d). In contrast to the models using data from 2000 to
2011 and previous adult population, all models from 1981
to 2011 that included previous adult population showed a
negative density-dependent effect. However, there was no
statistical evidence of a negative effect from adult population on the proportion of juveniles (3a. bz = -0.0094,

1
ð1 þ expðð1:5058  0:0216 Snow covert þ 0:0268 At1 ÞÞÞ
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The top three candidate models, accounting for 53.5 % of
the AIC weight, were (3a. R2 = 0.1669, F2,28 = 2.804,
p = 0.0776; 3b. R2 = 0.1144, F2,29 = 3.75, p = 0.0628;
3c. R2 = 0.1542, F2,28 = 2.551, p = 0.0960):

Table 1 Candidate models of the relationship between explanatory
variables and the production of juveniles expressed by the binomial
(B) and beta-binomial (BB) distribution of the absolute number of
juveniles in the population, respectively
Model
number

Type

Model

1

B

Intercept

2

B

May average thaw days

3

B

May average sum

4

B

Winter NAO

5

B

Prior breeding population

6

B

May average thaw days ? prior breeding
population

7

B

May average thaw days 9 prior breeding
population

8

B

May average sum ? prior breeding population

9

B

May average sum 9 prior breeding population

10

B

Winter NAO ? prior breeding population

11

B

Winter NAO 9 prior breeding population

12

B

Snow cover

13

B

Snow cover ? prior breeding population

14

B

Snow cover 9 prior breeding population

15

BB

Intercept

16

BB

May average thaw days

17

BB

May average sum

18

BB

Winter NAO

19

BB

Prior breeding population

20

BB

May average thaw days ? prior breeding
population

21

BB

May average thaw days 9 prior breeding
population

pt ¼

22

BB

May average sum ? prior breeding population

23

BB

May average sum 9 prior breeding population

24
25

BB
BB

Winter NAO ? prior breeding population
Winter NAO 9 prior breeding population

26

BB

Snow cover

27

BB

Snow cover ? prior breeding population

28

BB

Snow cover 9 prior breeding population

pt ¼

1
ð1 þ expðð1:4026  0:0861 winter NAOt  0:0094 At1 ÞÞÞ

ð3aÞ
pt ¼

1
ð1 þ expðð1:72994  0:0675 winter NAOt ÞÞÞ
ð3bÞ

pt ¼
1
ð1 þ expðð1:6874 þ 0:0482 Thaw dayst  0:0142 At1 ÞÞÞ

ð3cÞ
To expand on the indications of a change in population
dynamics from a density-dependent situation between
1981 and 1999 to a density-independent situation hereafter, a piecewise regression was used to identify the
point in time when the slope in productivity was no
longer negative (Neter et al. 1996). Since our results
indicate a change in slope after 1999, we used the years
around this point to make a piecewise regression for
every breakpoint between 1996 and 2004, hereafter
referred to as model set 3 (Table 4). A prior model 3c,
including prior adult population and the number of thaw
days in May, was chosen as the candidate model. We
choose the variable May thaw days over winter NAO due
to several reasons. Besides having equally low AIC values
and almost equal model weight, the data for May thaw
days are easy accessible on June 1, are easy to interpret,
and are a local and therefore a more direct measure of the
snow conditions on the breeding grounds. Thus, to test the
effect of adult population on the proportion of juveniles
(pt), we fit the model (Eq. 4):

1
ð1 þ expððb0 þ b1 Thaw dayst þ b2 At1 þ b3 Index þ b4 Index  At1 ÞÞÞ

ð4Þ

where index = 0 for years in the first time segment and 1
otherwise.
Given the set of candidate models for the period 1996–
2004 (Table 4), the model with a breakpoint after 1998
(Eq. 5a, 5b) had the lowest AIC value and the highest
model weight (0.2305), compared to the second best model
with a breakpoint after 1999 (dAIC 0.8, weight 0.1573)

95 % CI -0.0221–0.0033; 3c. bz = -0.0142, 95 % CI
-0.0285–0.0001).
In regards to the climatic variables in the three models,
the winter NAO index had a negative effect on the proportion of juveniles, with high values in NAO index
associated with small proportions of juveniles. May thaw
days have a positive effect on the proportion of juveniles.
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Fig. 6 Residual plots for (a) the best candidate model from model set 1, and (b, c, d) the top three candidate models from model set 2

(Table 5). The best candidate model was, for segment 1
and 2, respectively:

Discussion
Selection of climate variables as proxy for breeding
output

pt;\1999 ¼
1
ð1 þ exp ðð1:8609 þ 0:0434 Thaw dayst  0:0036At1 ÞÞÞ

The aim of this paper was to find a general climatic predictor
for the breeding output of the Svalbard population of pinkfooted geese, to be used in a predictive model to optimize the
harvest of the population. This will allow authorities to
regulate harvest based on climate as a proxy for breeding
output. Our results show that for the most recent decade, the
proportion of juveniles, used as an expression of the overall
productivity of Svalbard pink-footed geese, can be predicted
from snow cover at local nesting sites, derived from MODIS
satellite images. Prior to 2000, when snow cover estimates
are not available, the results are not as clear and both winter
NAO and the May thaw days can be used as predictors. It
should be borne in mind that the above-mentioned predictors
only provide proxies of the annual breeding output in Arcticnesting geese, and much of the variability in breeding success remains unexplained.
We suggest snow cover or May thaw days are the most
suitable environmental variables to include in predictive

ð5aÞ
pt; [ 1998 ¼
1
ð1 þ exp ðð3:2863 þ 0:0434 Thaw dayst þ 0:0201At1 ÞÞÞ

ð5bÞ
The piecewise regression suggests a release from density-dependent reproduction, but there is still no statistical evidence of either a negative or positive effect
from adult population size on the proportion of juveniles
(5a. b4 = -0.0036, 95 % CI -0.0405–0.0550; 5b.
b4 = 0.0201, 95 % CI -0.0385–0.0786). However, a
likelihood ratio test for model selection between the
piecewise regression model using breakpoint 1998 and a
model with a constant slope strongly suggests that the
piecemeal slope is a better model than the model with a
constant slope (P = 0.0230).
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Table 2 AIC values for model set 1 (time series 2000–2011), using explanatory variables
Model

Model
number

Type

AIC

df dAIC

Snow cover ? prior breeding
population

27

BB

215.1

4

0

AIC
weight
0.44004

Model
number

Type

13

B

AIC

df

3278.4

dAIC

3

AIC
weight

3,063.3

\0.001

Snow cover

26

BB

217.3

3

2.2

0.1462

12

B

6329.1

2

6,114

\0.001

Winter NAO ? prior breeding
population

24

BB

218.1

4

3

0.09951

10

B

4703.9

3

4,488.8

\0.001

Snow cover 9 prior breeding
population

28

BB

218.3

5

3.2

0.0897

14

B

5438.6

4

5,223.5

\0.001

May average sum ? prior breeding
population

22

BB

219.3

4

4.2

0.05311

8

B

5415.1

3

5,200

\0.001

Winter NAO 9 prior breeding
population

25

BB

220

5

4.9

0.03879

11

B

4712.7

4

4,497.6

\0.001

Prior breeding population

19

BB

220

3

4.9

0.0387

5

B

6871.1

2

6,656

\0.001

Winter NAO

18

BB

220.1

3

5

0.03679

4

B

7027.8

2

6,812.7

\0.001

May average thaw days ? prior
breeding population

20

BB

220.3

4

5.2

0.0334

6

B

5850.5

3

5,635.4

\0.001

May average thaw days

16

BB

222.1

3

7

0.01358

2

B

8596.5

2

8,381.4

\0.001

May average sum

17

BB

223.5

3

8.4

0.00658

3

B

9639.5

2

9,424.4

\0.001

Intercept

15

BB

225.5

2

10.4

0.00244

1

B

13527.2

1

13,312.1

\0.001

May average thaw days 9 prior
breeding population

21

BB

227

5

11.9

0.00116

7

B

24757.8

4

24,542.7

\0.001

May average sum 9 prior breeding
population

23

BB

258.1

5

43

9

B

5415.1

3

\0.001

5.200 \0.001

Table 3 AIC values for model set 2 (time series 1981–2011), using explanatory variables
Model

Model number

AIC

Winter NAO ? prior breeding population

24

Winter NAO

18

558.931

3

0

0.1787

May average thaw days ? prior breeding population

20

558.946

4

0

0.1774

558.929

df

dAIC

4

0

AIC weight
0.1791

Winter NAO 9 prior breeding population

25

560.1

5

1.2

0.0993

May average thaw days

16

560.2

3

1.3

0.0934

May average sum ? prior breeding population

22

560.3

4

1.4

0.0908

May average sum

17

560.3

3

1.4

0.0905

Intercept

15

561

2

2.1

0.0642

Prior breeding population

19

562.7

3

3.8

0.0267
\0.001

May average thaw days 9 prior breeding population

21

595.2

5

36.3

May average sum 9 prior breeding population

23

602.7

5

43.7

\0.001

Winter NAO 9 prior breeding population

11

20,653.4

4

20094.5

\0.001

Winter NAO ? prior breeding population

10

21,865.4

3

21306.5

\0.001

May average thaw days ? prior breeding population

6

21,972.3

3

21413.4

\0.001

Winter NAO

4

22,830.6

2

22271.7

\0.001

May average sum ? prior breeding population

8

22,894.3

3

22335.3

\0.001

May average sum 9 prior breeding population
May average thaw days

9
2

22,894.3
23,554.5

3
2

22335.3
22995.6

\0.001
\0.001

May average sum

3

23,696.9

2

23138

\0.001

Intercept

1

26,628.4

1

26069.5

\0.001

Prior breeding population

5

26,630.2

2

26071.3

\0.001

May average thaw days 9 prior breeding population

7

30,149.6

4

29590.7

\0.001
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interpret in contrast to NAO. NAO makes predictions for
two variables, temperature and precipitation, with low
NAO predicting a warm and wet year and a high NAO
predicting a cold and dry year (Svalbard being opposite to
the normal interpretation of NAO on European weather
patterns). These predictions have opposing effects on the
production of juveniles, with a warm year being associated
with a high productivity and a wet year being associated
with a low productivity. This contradiction makes the
interpretation of NAO difficult. However, sporadic snow
depth measurements from Longyearbyen indicate a general
low snow depth (\60 cm), which means that precipitation
may have little influence in the timing of snow clearance
compared to temperatures and hence on the prediction of
productivity.
For now, we do not recommend using the annual SMO
estimates. Besides on the lack of data from 2009 onward,
annual SMO has other limitations. At present, the annual
SMO is estimated from large regional glacier-covered
areas in contrast to the snow cover analyses, which are
derived from local nesting sites, i.e., it gives a more direct
estimate of nest-site availability. However, a positive
argument for using SMO is the ability of satellite radars to
obtain data independent of daylight and cloud cover, which
is in contrast to the snow cover classification of MODIS
satellite images.

Table 4 Candidate models of the relationship between the number of
thaw days in May ? prior adult population and the proportion of
juveniles expressed by a model with a constant slope for density
dependence between 1981–2011 and a range of models with a different slope for density dependence post years between 1996 and
2004
Model number

Model

1

1981–1996, 1997–2011

2

1981–1997, 1998–2011

3

1981–1998, 1999–2011

4

1981–1999, 2000–2011

5

1981–2000, 2001–2011

6

1981–2001, 2002–2011

7

1981–2002, 2003–2011

8

1981–2003, 2004–2011

9

1981–2004, 2005–2011

10

1981–2011

Table 5 AIC values for model set 3 (May average thaw days ? prior
breeding population), using a model with a constant slope for density
dependence between 1981–2011 and a range of models with a different slope for density dependence post years between 1996 and
2004
Model

Model
number

AIC

df

dAIC

AIC
weight

1981–1998, 1999–2011

3

555.4

6

0

0.3360

1981–1999, 2000–2011

4

556.2

6

0.8

0.2292

1981–1997, 1998–2011

2

557.7

6

2.3

0.1050

1981–2011

10

558.9

4

3.5

0.0572

1981–2004, 2005–2011

9

559.1

6

3.7

0.0523

1981–2003, 2004–2011

8

559.2

6

3.8

0.0509

1981–2000, 2001–2011

5

559.2

6

3.8

0.0492

1981–2001, 2002–2011

6

559.6

6

4.2

0.0418

1981–2002, 2003–2011

7

559.6

6

4.2

0.0418

1981–1996, 1997–2011

1

559.8

6

4.4

0.0365

Ecological implications of warming
The most surprising difference found between the shortand the long-time series was the indication of change in
population dynamics from a density-dependent situation
during 1981–1998 to a density-independent situation
thereafter. Given the observed level shift in our environmental variables toward warmer weather and less snow in
May from 2000 onward, this is consistent with a hypothesis
of released breeding potential due to climate change.
To our knowledge, this is one of the first studies to
suggest that an Arctic population has escaped density
dependence with climate change. The findings support the
predictions that even subtle increases in spring and summer
temperatures will increase the suitable breeding area for
pink-footed geese in Svalbard (Jensen et al. 2008). The
predictions were based on nest-distribution data collected
prior to 2006 (most data stem from before 2000), and as
temperature data have shown, there has been an almost
doubling in thaw days in May from before to after 2000.
As discussed in Madsen et al. (2007), snow cover may
affect goose breeding performance in numerous ways,
directly by affecting availability of nest sites on arrival and
indirectly by affecting feeding opportunities during prenesting and incubation. If snow melt is delayed, many pairs
of geese abandon nesting attempts, and for pairs which

population models. Snow cover is a direct measure of the
snow conditions on the breeding grounds and has higher
explanatory power than May thaw days. However, due to
lack of snow cover data pre-2000, May thaw days have an
advantage. In addition, classification of MODIS satellite
images can only be done on cloud-free images and optimally around midday when the sun is highest, since
shadows will affect the classification results. This is
in contrast to May thaw days which is easy accessible on
June 1.
We also suggest May thaw days over winter NAO.
Besides having equally low AIC values and almost equal
model weight, the data for May thaw days are a local and
therefore a more direct measure of the snow conditions on
the breeding grounds. Further, May thaw days is easy to
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predators are Arctic fox Vulpes alopex (adults as well as
eggs), gulls, and skuas (eggs only). Hansen et al. (2013)
have shown that extreme weather events (rain on snow
causing icing) synchronize population fluctuations across
an entire community of resident vertebrate herbivores and
cause lagged correlations with the secondary consumer, the
arctic fox. This may also cause a higher fox predation
pressure on geese, and we might see the first signs of this in
local colonies (Anderson et al. submitted). Further, polar
bears Ursus maritimus increasingly occur on the west coast
of Svalbard in summer, possibly due to decreasing sea ice
conditions. Bears prey on eggs in bird colonies, and the
island nesting barnacle goose Branta leucopsis has been
suffering severe nest losses resulting in a decline in goose
numbers in the coastal areas (Drent and Prop 2008). In
recent years, bears have also moved further inland and
have depredated local pink-footed goose nests (Prop unpubl. data). So far, we did not record signs of polar bear
predation in the interior fjord colonies such as Sassendalen.
The above-mentioned factors (A–E) will positively or
negatively impact the population dynamics of the Arctic
goose population; for the moment, we are not able to
evaluate their relative importance. Further, we have not
included any possible carry-over effects of weather conditions, food availability, and management of habitats on
the spring staging grounds which may affect body reserves
and, ultimately, breeding success of Arctic-nesting geese
(Ebbinge and Spaans 1995; Mainguy et al. 2002; Klaassen
et al. 2006)

nest, the likelihood of being successful decreases. In this
analysis, the tendency is still toward a higher productivity
in years with less snow cover, and in addition to the previous analysis, it has also been shown that a high May
temperature sum or more May thaw days and a lower
winter NAO index relate to higher productivity. In the
Sassendalen study area, the number of nests can vary
fivefold between early and late years and has been more
than doubled during 2003–2012 (Madsen et al. 2007;
Anderson et al. submitted), suggesting that the population
has not exhausted food resources, but instead is controlled
by factors like nest-site availability. Hence, if a barrier like
snow cover is not present, a large pool of goose pairs which
are capable of reproducing can start nesting and have a
good chance of success. This could result in a higher carrying capacity, and we suggest this is one of the main
mechanisms behind the recent increase in population productivity, which has contributed to the observed population
growth.
In this paper, we have shown that various climatic
variables in the spring can be used to predict the overall
productivity of pink-footed geese. The same conclusions
were made by Morrissette et al. (2010), who examined the
effect of selected environmental variables on the population productivity of greater snow geese Anser caerulescens
atlanticus. They too found that spring climatic conditions
in the Canadian Arctic were the most dominant factor
affecting goose breeding productivity, probably a result of
snow cover affecting nest propensity. However, reproduction success (as measured during fall) is influenced by
conditions encountered over a longer period. Other direct
and indirect climatic conditions on the breeding grounds
having an effect on reproductive success include the following: (A) precipitation during early summer, where high
precipitation increases water availability and allows
females to stay closer to their nest during incubation; this
may result in a reduction in egg predation rate (Dickey
et al. 2008; Lecomte et al. 2009); (B) temperature during
mid-summer, where high temperatures increase gosling
survival and growth by decreasing costs of thermoregulation, reduces exposure to cold temperatures, and increases
the availability of food (Dickey et al. 2008); (C) earlier
snow melt and elevated summer temperatures may advance
the growth of forage plants, leading to a mismatch between
time of hatching of goslings and time for peak plant
nutrient content, ultimately impacting gosling growth and
survival (Gauthier et al. 2013); (D) temperatures during
late summer and fall, where high temperatures have a
positive effect on juvenile survival by extending the period
of food availability (Menu et al. 2005); (E) warming and
extreme events may alter interactions between geese and
their predators in unpredictable ways; in Svalbard, the main

Perspectives
Our results provide insights into the kind of population
dynamic that can be expected with a warmer climate. We
predict that with a climate-induced decrease in snow cover
in Svalbard, the population of pink-footed geese will
increase its growth, at least in the short term. This will most
likely result in an escalation of agricultural conflicts along
the migration route and an increase in tundra degradation.
Whether increased harvest levels will be able to stabilize
the population remains to be seen. Built into the adaptive
process is the recurrent tuning of predictive models, and it
will be important to gain a better understanding of how and
where in time, climate will affect future population
processes.
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a b s t r a c t
We explored the application of dynamic-optimization methods to the problem of pink-footed goose
(Anser brachyrhynchus) management in western Europe. We were especially concerned with the extent
to which uncertainty in population dynamics inﬂuenced an optimal management strategy, the gain in
management performance that could be expected if uncertainty could be eliminated or reduced, and
whether an adaptive or robust management strategy might be most appropriate in the face of uncertainty. We combined three alternative survival models with three alternative reproductive models to
form a set of nine annual-cycle models for pink-footed geese. These models represent a wide range of
possibilities concerning the extent to which demographic rates are density dependent or independent,
and the extent to which they are inﬂuenced by spring temperatures. We calculated state-dependent harvest strategies for these models using stochastic dynamic programming and an objective function that
maximized sustainable harvest, subject to a constraint on desired population size. As expected, attaining
the largest mean objective value (i.e., the relative measure of management performance) depended on
the ability to match a model-dependent optimal strategy with its generating model of population dynamics. The nine models suggested widely varying objective values regardless of the harvest strategy, with
the density-independent models generally producing higher objective values than models with densitydependent survival. In the face of uncertainty as to which of the nine models is most appropriate, the
optimal strategy assuming that both survival and reproduction were a function of goose abundance and
spring temperatures maximized the expected minimum objective value (i.e., maxi–min). In contrast, the
optimal strategy assuming equal model weights minimized the expected maximum loss in objective
value. The expected value of eliminating model uncertainty was an increase in objective value of only
3.0%. This value represents the difference between the best that could be expected if the most appropriate
model were known and the best that could be expected in the face of model uncertainty. The value of
eliminating uncertainty about the survival process was substantially higher than that associated with the
reproductive process, which is consistent with evidence that variation in survival is more important than
variation in reproduction in relatively long-lived avian species. Comparing the expected objective value if
the most appropriate model were known with that of the maxi–min robust strategy, we found the value
of eliminating uncertainty to be an expected increase of 6.2% in objective value. This result underscores
the conservatism of the maxi–min rule and suggests that risk-neutral managers would prefer the optimal strategy that maximizes expected value, which is also the strategy that is expected to minimize the
maximum loss (i.e., a strategy based on equal model weights). The low value of information calculated for
pink-footed geese suggests that a robust strategy (i.e., one in which no learning is anticipated) could be as
nearly effective as an adaptive one (i.e., a strategy in which the relative credibility of models is assessed
through time). Of course, an alternative explanation for the low value of information is that the set of
population models we considered was too narrow to represent key uncertainties in population dynamics.
Yet we know that questions about the presence of density dependence must be central to the development of a sustainable harvest strategy. And while there are potentially many environmental covariates
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that could help explain variation in survival or reproduction, our admission of models in which vital rates
are drawn randomly from reasonable distributions represents a worst-case scenario for management.
We suspect that much of the value of the various harvest strategies we calculated is derived from the fact
that they are state dependent, such that appropriate harvest rates depend on population abundance and
weather conditions, as well as our focus on an inﬁnite time horizon for sustainability.
Published by Elsevier B.V.

1. Introduction
Decision analysis has been widely used in business and government decision making (Keefer et al., 2004), but its application
to problems in natural resource management has mostly been a
phenomenon of the last two decades (Huang et al., 2011). Though
decision-analytic approaches vary considerably, environmental
decision making typically involves (1) properly formulating the
decision problem; (2) specifying feasible alternative actions; and
(3) selecting criteria for evaluating potential outcomes (Tonn et al.,
2000). A noteworthy aspect of the trend toward formal decision
analysis in natural resource management has been the increasing
application of dynamic optimization methods to analyze recurrent
decisions (Possingham, 1997; Walters and Hilborn, 1978; Williams,
1989). Recurrent decision problems are ubiquitous in conservation,
ranging from obvious examples like harvesting or prescribed burning, to less obvious ones like development of a biological reserve
system or the control of invasive plants and animals. The growing
number of resource-management examples that rely on dynamic
optimization methods is testament to the general applicability of
these methods, and the rapid increase in computing power has
made it feasible to analyze problems of at least moderate complexity.
Dynamic optimization methods combine models of ecological
system change with objective functions that value present and
future consequences of alternative management actions. The general resource management problem involves a temporal sequence
of decisions, where the optimal action at each decision point
depends on time and/or system state (Possingham, 1997). The goal
of the manager is to develop a decision rule (or management policy
or strategy) that prescribes management actions for each time and
system state that are optimal with respect to the objective function.
Under the assumption of Markovian system transitions, the optimal
management policy satisﬁes the Principle of Optimality (Bellman,
1957), which states that:
An optimal policy has the property that, whatever the initial
state and decision are, the remaining decisions must constitute
an optimal policy with regard to the state resulting from the
ﬁrst decision.
Thus, a key advantage of dynamic optimization is its ability to
produce a feedback policy specifying optimal decisions for possible future system states rather than expected future states (Walters
and Hilborn, 1978). In practice this makes optimization appropriate for systems that behave stochastically, absent any assumptions
about the system remaining in a desired equilibrium or about the
production of a constant stream of resource returns. The analysis of
recurrent decision problems with dynamic optimization methods
also allows for the speciﬁcation of the relative value of current and
future management returns through discount rates. By properly
framing problems, dynamic optimization methods have been used
successfully to address a broad array of important conservation
issues (Bogich and Shea, 2008; Johnson et al., 2011; Martin et al.,
2011; Milner-Gulland, 1997; Richards et al., 1999; Tenhumberg
et al., 2004).
A key consideration in dynamic optimization of natural resource
problems is the uncertainty attendant to management outcomes,
which adds to the demographic and environmental variation of
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stochastic resource changes. This uncertainty may stem from errors
in measurement and sampling of ecological systems (partial system
observability), incomplete control of management actions (partial controllability), and incomplete knowledge of system behavior
(structural or model uncertainty) (Williams et al., 1996). A failure
to recognize and account for these uncertainties can signiﬁcantly
depress management performance and in some cases can lead to
severe environmental and economic losses (Ludwig et al., 1993).
In recent years there has been an increasing emphasis on methods
that can account for uncertainty about the dynamics of ecological
systems and their responses to both controlled and uncontrolled
factors (Walters, 1986; Williams, 2001).
Model uncertainty, an issue of special importance in adaptive management, can be characterized by continuous or discrete
probability distributions of model parameters, or by discrete distributions of alternative model forms that are hypothesized or
estimated from historic data (Johnson et al., 1997; Walters and
Hilborn, 1978). Important advances have followed from the recognition that these probability distributions are not static, but evolve
over time as new observations of system behaviors are accumulated
from the management process. Indeed, the deﬁning characteristic of adaptive management is the attempt to account for the
temporal dynamics of this uncertainty in making management
decisions (Allen et al., 2011; Walters, 1986; Walters and Holling,
1990; Williams, 2001; Williams et al., 1996).
There has been a great deal written about why adaptive management programs are not commonplace, but perhaps too little
attention has been paid to whether adaptive management is the
appropriate tool for a speciﬁc resource issue (Gregory et al., 2006).
Doremus (2011) made an effective case that adaptive management is an information problem, in that the key question to be
addressed is whether the lack of information about ecological processes and system responses to human intervention is the principal
impediment to decision making and effective management. Adaptive management can be expensive, and decision makers need some
assurance that those costs can be offset by improvements in management performance resulting from a reduction in uncertainty.
Uncertainty in resource conservation is ubiquitous, but not all
uncertainties matter when choosing the best management actions,
and not all uncertainties that matter can be reduced through the
application of those actions. Decision makers require some way
to identify pertinent and reducible uncertainties so as to determine whether a particular resource conservation issue is a good
candidate for adaptive management, whether learning through
management is possible, and whether an effective adaptive management program can be designed.
We explored the application of dynamic-optimization methods
to the problem of goose management in western Europe. We were
especially concerned with the extent to which uncertainty in population dynamics inﬂuenced an optimal management strategy, the
gain in management performance that could be expected if uncertainty could be eliminated or reduced, and whether an adaptive or
robust management strategy might be most appropriate. We use
robust to mean a strategy that could be expected to perform relatively well in the face of persistent uncertainty about population
dynamics (i.e., regardless of which alternative model is most appropriate to describe system dynamics). Learning is neither needed nor
anticipated in development of a robust strategy.

• Maintain a sustainable and stable pink-footed goose population
and its range.
• Keep agricultural conﬂicts to an acceptable level.
• Avoid increase in tundra degradation in the breeding range.
• Allow for recreational use that does not jeopardize the population.
To attain these objectives the management plan calls for the
implementation of an adaptive-management framework for the
ﬂyway population that in part will:
• maintain a population size of around 60,000, within a range to
prevent the population from either collapsing or erupting; and
• optimize hunting regulations and practices to regulate the population size if needed and in range states where hunting is
permitted (Madsen and Williams, 2012).
Our focus here is on improving the harvest management of
pink-footed geese in Norway and Denmark where these geese
are currently hunted. We aimed to develop an optimal, statedependent harvest strategy, which could account for stochastic
changes in population size and environmental conditions over
time. Moreover, we were interested in developing a strategy that
was likely to be robust to several key sources of uncertainty in
population dynamics. Our ultimate goal is to develop processes for
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The need for more informed management of European goose
populations has taken on a sense of urgency. The majority of
goose populations breeding or wintering in western Europe have
increased considerably in abundance during recent decades (Fox
et al., 2010; Madsen et al., 1999). This constitutes one of the major
successes in European wildlife conservation history, ascribed to a
combination of factors such as a decrease in exploitation, more
refuge areas, improved winter feeding conditions, and climate
change (Bauer et al., 2008; Kéry et al., 2006). Geese are regarded
as a highly valued recreational resource, beloved by birdwatchers and the general public, and harvested by hunters in some
countries. However, due to their tendency to concentrate on farmlands, the continued increase in numbers has escalated agricultural
conﬂicts during spring migration. Also, in some Arctic regions,
increasing goose abundance has resulted in overexploitation of
vegetation, causing long-term degradation of tundra habitats. It
is now understood that successful management of these migratory populations will require international cooperation in order to
achieve and maintain viable populations, while taking into account
other socio-economic interests. Yet internationally coordinated
management instruments or plans have little precedent in Europe.
In contrast, a technically complex and well-coordinated system of
waterfowl management has been in place for decades in North
America (Johnson and Williams, 1999).
The
African-Eurasian
Waterbird
Agreement
(AEWA;
http://www.unep-aewa.org/) recently called for improved management of goose populations that cause conﬂicts with human
economic activities. The Svalbard population of the pink-footed
goose was selected as the ﬁrst test case for development of an
international species-management plan (Madsen and Williams,
2012). The Svalbard population breeds primarily in Spitsbergen,
migrates through Norway, and winters primarily in Denmark,
the Netherlands, and Belgium. The goal of the management plan
is to maintain the favorable conservation status of the Svalbard
pink-footed goose population at a ﬂyway level, while taking into
account economic and recreational interests. To achieve this goal
the following set of objectives were established in consultation
with national authorities and key stakeholders:
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Fig. 1. Ground census of pink-footed geese (in thousands) in autumn in Denmark,
the Netherlands, and Belgium. The solid line at the bottom of the graph is the
estimated harvest in Norway and Denmark.

managing population size that are applicable to several species of
over-abundant geese in Europe.
2. Model and methods
2.1. Data
Population estimates of pink-footed geese were available from
ground censuses and from capture–recapture methods (Ganter and
Madsen, 2001). Ground counts have been made around November
1 each year in Norway, Denmark, the Netherlands, and Belgium
since 1965 (Fig. 1). Geese were counted simultaneously in the three
countries to avoid double-counting. The count is assumed to be a
census and, thus, no measure of sampling variability is available.
Capture–recapture estimates of fall population size were available
from 1991 to 2003, based on neck-banding during spring migration and re-sighting efforts during the migration and wintering
periods (Kéry et al., 2006). Estimates from the two survey methods
were highly correlated (r = 0.68), although the capture–recapture
estimates were about 6% higher on the average.
Estimates of survival based on neck-banding were available
from the period 1990–2002 (Kéry et al., 2006). We used estimates of
survival provided to us by M. Kery (Swiss Ornithological Institute,
personal communication) for the ﬁrst interval after marking (10
months) because of concern over potential band loss in subsequent
periods. We projected annual rates by raising 10-month survival
rates to a power of 12/10. Because survival rate estimates have an
anniversary date of approximately February 1, it was necessary to
partition survival into that during November–January and that during February–October in order to align anniversary dates with those
of the population census. In doing so we assumed that natural mortality was evenly distributed throughout the year. For the period
in which survival rate estimates were available, we assumed that
harvest mortality was additive to natural mortality, and that harvest mortality represented one-half of total mortality. We believed
these assumptions were reasonable given studies of other Arctic
geese (Calvert and Gauthier, 2005; Francis et al., 1992; Gauthier
et al., 2001; Menu et al., 2002; Rexstad, 1992). We note, however,
that there has been a concerted effort to increase harvest pressure on pink-footed geese in Norway and Denmark in recent years,
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and we acknowledge the possibility that current harvest rates are
substantially higher than those during 1990–2002.
Estimates of harvest were available from Denmark during
1990–2010, and from Norway during 2001–2010 (Fig. 1). Danish
estimates were based on a combination of hunter-collected goose
wings and reports of total goose bags. Norwegian estimates of pinkfooted goose harvest were derived from on-line reports by hunters.
The proportion of juveniles in the population and average brood
size have been assessed since 1980 on the staging grounds in
Denmark and the Netherlands during autumn when it is possible to distinguish juveniles from adults by plumage characteristics
(Ganter and Madsen, 2001). For the purposes of modeling population demography we used the proportion of juveniles as an
indicator of reproductive success during the preceding breeding
season.
We examined the ability of weather-related variables to explain
annual variation in survival and reproductive success. We believed
that snow cover during late May in Svalbard would have a substantial effect because of its potential impact on breeding effort
(Madsen et al., 2007). However, the proportion of nesting areas
covered by snow, as well as a covariate indicating the onset of
snow melt, were available from satellite-based imagery only for the
period 2000–2011 (Jensen et al., 2013). In order to use the entire
record of survival and reproduction we relied on covariates that
we believed to be reasonable proxies for snow conditions on the
breeding grounds. These included the number of days in May in
which mean temperature was >0 ◦ C (TempDays), and the cumulative sum of temperatures for days in which mean temperature
>0 ◦ C (TempSum) (both of which were derived by averaging data
from weather stations in Longyearbyen and Ny Ålesund, Svalbard).
Both variables were highly correlated with snow conditions in Svalbard during 2000–2011 (TempDays: r = −0.80; TempSum: r = −0.74).
We also investigated other weather covariates examined by Kéry
et al. (2006), but those covariates tended to be moderately to highly
correlated with TempDays and TempSum, and generally did not
improve the predictive ability of the survival and reproductive
models.

NY = number of birds aged ½ year on November 1 (i.e., young
ﬂedged in the previous breeding season and that survived the ﬁrst
hunting season),
NSA = number of birds aged 1½ years on November 1,
NA = number of birds aged ≥2½ years on November 1,
N = NY + NSA + NA = population size on November 1,
ˆ = estimated annual survival from natural (non-hunting) causes,
ĥ = estimated harvest rate (including retrieved and un-retrieved
harvest) of birds that have survived at least one hunting season,
ˆ − ĥ) = annual survival rate,
Ŝ = (1
p̂ = estimated proportion of young (NY ) in the November 1 population.
We then assumed that all birds surviving their ﬁrst hunting season had the same annual survival rates and that hunting mortality
was additive to natural mortality and a constant one-half of total
annual mortality:
ĥt =

ˆ t =

For assessment purposes, we considered November 1 as the
anniversary date of the annual cycle for pink-footed geese, corresponding to the annual census of population size. Using estimates
of the proportion of young observed during the survey, total
population size can then be decomposed into the number of youngof-the-year (aged ½ year), and the number sub-adults (aged 1½
years) plus adults (aged ≥ 2½ years). Pink-footed geese may not be
sexually mature until age three (Boyd, 1956), but plumage characteristics in autumn do not permit us to distinguish sub-adults
(i.e., those that will be age two in the coming breeding season)
from adults (i.e., those that will be age three or more in the coming
breeding season). Moreover, age-speciﬁc estimates of survival rate
were not available, so the age structure of our population models
was necessarily limited. It is well known that signiﬁcant age structure in a population can have important implications for harvest
management (Hauser et al., 2006a), but available data were insufﬁcient to characterize the degree of age-speciﬁcity that might be
appropriate for pink-footed geese.
Before constructing models based on annual estimates of survival and reproductive rates, we were interested in whether
available estimates of those rates suggested changes in population
size that were comparable to those derived from the population
census. Let:

Ŝt
1 − (1 − Ŝt )/2

(1)

.

(2)

We also assumed that natural mortality was distributed evenly
throughout the year (this was required because the anniversary
date of survival estimates did not correspond with that of the
population census): ˆ t0.25 = survival from natural causes during
November 1–January 31 and ˆ 0.75 = survival from natural causes
t+1

during February 1–October 31.
The number of geese in each age class in year t + 1 was then
projected from population size in year t as:
A
0.75
= Nt (1 − p̂t )ˆ t0.25 ˆ t+1
(1 − ĥt+1 )
N̂t+1

(3)

SA
0.75
= Nt p̂t ˆ t0.25 ˆ t+1
(1 − ĥt+1 )
N̂t+1

(4)


Y
N̂t+1

2.2. Annual cycle model

1 − Ŝt
,
2

0.75
= Nt ˆ t0.25 ˆ t+1
(1 − ĥt+1 )
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.

(5)

We then compared the observed Nt+1 with the predicted N̂t+1
to check for evidence of bias in estimates of survival and reproduction. We estimated the slope of the line through the points
(Nt+1 , N̂t+1 ) using least-squares and assuming an intercept of
ˆ1 =
zero. The slope was not signiﬁcantly different from one (ˇ
ˆ
1.00, se(ˇ1 ) = 0.036, P > 0.9), suggesting that survival and reproductive estimates were unbiased, which is in contrast to the
positive bias in estimates of demographic rates for some North
American waterfowl (Martin et al., 1979).
For the purpose of calculating a state-dependent harvest strategy (i.e., one in which the optimal harvest rate depends on extant
population size and environmental conditions), we deﬁned just two
population states: (1) the number of young (NY ); and (2) the number of sub-adults + adults (hereafter referred to as just “adults,” NA )
(Fig. 2). The one-year transition for the adult state is:
A
Nt+1
= (NtA + NtY )t (1 − ht ).

(6)

We remind the reader that the anniversary date for the model is
November 1, after the bulk of the harvest has occurred. Thus, the
survival rate  t applies to November 1 of year t to October 31 of year
t + 1, and the harvest rate ht applies to the harvest in the autumn
of the next calendar year after population size is measured. The
transition equation for the young state is:
Y
= (NtA + NtY )t (1 − ht )Rt ,
Nt+1

t = year,

p̂t+1
1 − p̂t+1

(7)
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θt (1 – ht)Rt

Y

N

θt (1 – ht)

SA

N +N

A

θt (1 – ht)
Fig. 2. Life cycle of pink-footed geese, where NY , NSA , and NA are the number of
birds aged 0.5, 1.5, and ≥2.5 years on November 1, respectively. Annual survival
from sources of natural mortality is , harvest rate is h, and reproductive rate is R.

where the ﬁrst three terms provide the number of geese surviving
from November 1 of year t to October 31 of year t + 1, and where
the production of young is determined using the ratio of young to
adults on November 1: Rt = pt+1 / (1 − pt+1 ).
Given a harvest rate h for birds having survived at least one
hunting season, the harvest of adults is:
HtA = (NtA + NtY )t ht ,

(NtA + NtY )t (1 − ht )Rt
dht ,
(1 − dht )



(8)
ln

and the harvest of young is:
HtY =

conditions and population size at the start of the year (November
1). The ﬁrst two models are density-independent, while the third
is density-dependent.
We estimated  t using the annual survival estimates Ŝt for the
period 1990–2002 and, as before, assuming hunting mortality was
additive to natural mortality and a constant 50% of total annual
mortality. The estimates ˆ t had a mean of 0.951 and a standard
deviation of 0.019, which incorporates both sampling error and true
annual variation. We then used the method of moments to parameterize a beta distribution: ˆ t ∼Beta(125.16, 6.46). For the purpose
of optimizing a harvest strategy, we discretized this distribution
by ﬁrst specifying a range of discrete survival rates. The probability mass associated with each discrete survival rate was calculated
as the probability density function for each survival rate, divided
by the sum of the densities of all discrete rates (i.e., normalizing
so the total probability mass for all discrete rates was one). We
used discrete values of survival of  t ∈ {0.90, 0.92, 0.94, 0.96, 0.98}
with probabilities P( t ) ∈ {0.0159, 0.0916, 0.3201, 0.4756, 0.0967},
respectively.
For the other two models of survival, we used the logit of ˆ t , total
population size N (in thousands) on November 1, various weather
variables X in the interval November 1–October 31, and used leastsquares regression to ﬁt the model:

(9)

where the d is the vulnerability of young to harvest relative to that
of adults. The quotient in this formula represents the pre-harvest
population of young (assuming that all mortality during the hunting
season is hunting related). Total harvest is then simply Ht = HtA +
HtY .
To determine the differential vulnerability of young, we used
the relationship between the percent of young in the harvest
(bag) and the percent of young in the population as reported
by Madsen (2010): (%NtY )bag = 22.06 + 0.89(%NtY )pop . Notice, however, that this equation does not have an intercept of zero. In reality
the intercept must be zero because there can be no young in the
harvest if none exists in the population. Setting the intercept to
zero and recalculating the slope provides an estimate of differential
vulnerability d = 1.99 ≈ 2.0. We recognize that the differential harvest vulnerability of young likely varies over time, space, and with
population structure, but we lacked data to model that process.
2.3. Model parameterization
Here we describe the development of dynamic models for survival and reproductive processes. We emphasize that our goal
was not necessarily to identify the model(s) that best described
extant data. Rather, it was to develop a suite of models that ﬁt
the data, but that also make different predictions of demographic
rates outside the realm of experience. Inference based on extant
data is constrained both by the years in which estimates of survival and reproduction are available, and by the range of covariate
values during those years. For the purposes of developing harvestmanagement strategies, the behavior of models outside the range
of experience is often more important than that for which data are
available (Runge and Johnson, 2002; Walters, 1986).
2.3.1. Survival
We considered three alternative models to describe the dynamics of survival from non-hunting sources of mortality  t : (1) survival
varies randomly from year to year; (2) survival varies depending on
weather conditions; and (3) survival varies depending on weather

ˆ t



= ˇ0 + ˇ1 Xt + ˇ2 Nt .

1 − ˆ t

(10)

Predictions of survival from non-hunting sources of mortality thus
were:
ˆ
ˆ t =

1
ˆ
ˆ
ˆ
1 + e−(ˇ0 +ˇ1 Xt +ˇ2 Nt )

.

(11)

Of those models that included population size, but varied
depending on the speciﬁc weather variable included, only two
had delta AIC values < 2.0. Delta AIC is the difference in AIC values
between a fully saturated model and a reduced model, with values < 2.0 indicative of models worthy of consideration (Burnham
and Anderson, 1998). The two candidate models were one with
temperature days (TempDays) and one with temperature sum
(TempSum) (as described in the section entitled Data). The difference in AIC values between these models was only 0.1, suggesting
they were virtually indistinguishable based on the data. The model
including temperature days (TempDays) and population size (N, in
thousands) had the lowest AIC of all models examined:



ln

ˆ t



= 4.293 + 0.053TempDayst − 0.044Nt .

1 − ˆ t

(12)

The regression coefﬁcients for both covariates were of the expected
sign and different from zero (P < 0.05). This model suggests rather
dramatic reductions in survival when population size exceeds 60
thousand and the number of days above freezing in May is very low.
We emphasize, however, that this conclusion involves extrapolating beyond the limits of the data and thus lacks empirical evidence.
Due to uncertainty about contemporary rates of survival and
the degree of density dependence (especially given the recent
growth in population size), we also considered a third model that
included temperature days but not population size. This densityindependent model had the form:



ln

ˆ t
1 − ˆ t



= 2.738 + 0.049TempDayst .

(13)

Finally, we brieﬂy considered development of a model in which
reductions in natural mortality compensate for increases in harvest
mortality. We believed a compensatory model might be appropriate because of initial concern that contemporary harvest estimates
and population trajectory seemed inconsistent with the process
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of additive hunting mortality. An alternative explanation is that
harvest estimates are biased high, as is the case with waterbird
harvest estimates in the U.S. (Padding and Royle, 2012). We eventually concluded, however, that there was no substantive conﬂict
between estimates of harvest and an additive mortality hypothesis. Assuming that harvest mortality represented one-half of total
mortality during the period in which survival rates area available
(1990–2002), the harvest should have been on the order of 2–3
thousand, which is in agreement with estimates of harvest during
that period (at least in Denmark; harvest estimates are not available from Norway during most of this period, but they averaged
only about 500 birds during 2001–2004, prior to when they began
increasing substantially). Contemporary estimates of harvest are
about 11k for Denmark and Norway combined, which would represent a harvest rate on adults of approximately 0.1. Even assuming
additive harvest mortality, estimates of demographic rates suggest
the pink-footed goose population is capable of increasing with this
harvest rate as long as springs are warm in Svalbard (which they
were for most of the last decade).

2.3.2. Reproduction
We considered the counts of young during the autumn census,
1980–2011, as arising from binomial (or beta-binomial) trials of
size Nt , and used a generalized linear model with a logit link to
explain annual variability in the proportion of young:


ln

p̂t
1 − p̂t


= ˇ0 + ˇ1 Xt + ˇ2 NtA ,

(14)

not (or no longer is) density-dependent, we considered a model
with only temperature days:



ln

p̂t
1 − p̂t



= −1.989 + 0.027TempDayst .

(17)

Finally, we considered a second density-independent reproduction
model in which the number of young in autumn was described
as rising from a beta-binomial distribution with no covariates.
The parameters of this distribution were estimated by ﬁtting an
intercept-only model (p̄ = 0.14,  = a/p̄ = b/(1 − p̄) = 43.77). We
then discretized this distribution in the same manner as that
described for survival rates. We used discrete values of pt ∈ {0.05,
0.10, 0.15, 0.20, 0.25} with probabilities P(pt ) ∈ {0.0691, 0.3359,
0.3542, 0.1821, 0.0587}, respectively.
2.3.3. Dynamics of temperature days
The number of days above freezing in May (TempDays),
1969–2011, in Svalbard averaged 7.3 (sd = 4.4). There was no evidence of autocorrelation for lags up to 20 years, so we predicted
the number of temperature days as independent draws from a
speciﬁed probability distribution. We investigated a number of
candidate distributions, and chose a beta-binomial for the proportion of warm days out of a possible 31 days in May (p̄ = 0.23,  =
a/p̄ = b/(1 − p̄) = 11.04). Using this distribution, we calculated the
probabilities of observing n days where n ∈ {0, 4, 8, 12, . . ., 28}
and P(nt ) ∈ {0.0892, 0.3562, 0.3112, 0.1663, 0.0607, 0.0144, 0.0018,
0.0001}, respectively.
2.4. Optimal harvest strategies

where X is a weather variable and where NtA

is the number of adults
(i.e., sub-adults plus adults, in thousands) on November 1 of the
previous calendar year. Predictions of the proportion of young were
thus:
p̂ˆ t =

1
1+e

ˆ +ˇ
ˆ Xt +ˇ
ˆ NA )
−(ˇ
0
1
2 t

.

(15)

We recognize that only birds aged three years or older in spring
are consistent breeders, but census data did not permit us to partition sub-adults and adults. We used the number of sub-adults plus
adults rather than total population size as the measure of density
because we believed it would better reﬂect potential competition
for nesting sites in Svalbard.
The best ﬁtting models were based on a beta-binomial distribution of counts, which permits over-dispersion of the data relative
to the binomial. The best model based on AIC included population
size and temperature days:


ln

p̂t
1 − p̂t


= −1.687 + 0.048TempDayst − 0.014At ,

(16)

where NtA is the number of sub-adults and adults (in thousands) on
November 1. The regression coefﬁcients for both covariates were
of the expected sign, but only the coefﬁcient for temperature days
was highly signiﬁcant (P = 0.01). The coefﬁcient for adult population
size was only marginally signiﬁcant (P = 0.06), and this appears to
be because of a lack of evidence for density dependence post-2000.
This also corresponds to a period of above-average temperature
days in Svalbard, suggesting that reproduction may be “released”
from density-dependent mechanisms during exceptionally warm
years on the breeding grounds. One plausible explanation is that
there is a threshold in the number of temperature days, beyond
which nesting sites are not limited by snow cover. Other explanations are possible. To allow for the possibility that reproduction is
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2.4.1. Markov decision process
Here we provide a formal description of the framework for optimizing harvest strategies. To begin, let decision making occur over
a discrete time frame {0, 1, . . ., T}, beginning at some initial time 0
and terminating at a terminal time T that may be inﬁnite. To simplify notation, we can think of decisions as being made at regular
intervals, for example annually or at multi-year intervals.
A resource system that is subjected to management is characterized by a system state xt at each time t over the time frame. System
state represents the resource in terms of key resource elements,
features, and attributes that evolve through time. We assume that
the state of the system at any given time can be observed, and structural components of the system that inﬂuence dynamics are at least
stochastically known.
A harvest action at is assumed to be chosen at time t from a set
of options that are available at that time. Policy (or strategy) A0
describes actions to be taken at each time starting at time 0 and
continuing to the terminal time T. A policy covering only part of
the time frame, starting at some time t after the initial time 0 and
continuing until T, is expressed as At .
System dynamics are assumed to be Markovian – i.e., the system state at time t + 1 is determined stochastically by the state and
action taken at time t. These transitions are speciﬁed by a probability P(xt+1 |xt , at ) of transition from xt to xt+1 assuming action
at is taken. If there is uncertainty about the transition structure,
several candidate models can be used to describe state transitions,
with Pi (xt+1 |xt , at ) representing a particular model i ∈ {1, 2, . . ., I}.
Structural (or model) uncertainty can be characterized by a distribution qt of model probabilities or weights, with elements qt (i) that
may or may not be stationary. Here we refer to the distribution of
model probabilities as the model state.
Assuming the transition structure is known, an objective or
value function V (At |xt ) captures the value of decisions made over
the time frame in terms of the transition probabilities P(xt+1 |xt , at )
and accumulated utilities U(at |xt ). Utility is thus inﬂuenced by both

the action at taken at time t as well as the system state xt at that
time. Dynamic decision making typically is based on an objective
or value function that accumulates utilities from the current time
to the terminal time T:



V (At |xt ) = E

T




U(a |x ) |xt

,

(18)
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Table 1
Nine alternative models of pink-footed goose population dynamics and their associated carrying capacities (K, in thousands) for randomly varying days above freezing
in May in Svalbard (TempDays). N and A are total population size and the number of
sub-adults plus adults (in thousands), respectively, on November 1. The sub-models
represented by (.) denote randomly varying demographic rates (i.e., no covariates).
Models M3, M4, M6, and M7 are density-independent growth models and thus have
no deﬁned carrying capacity.

=t

where V (At |xt ) is the value of a state and time dependent strategy
prescribing optimal actions.
With this notation the generic control problem can be stated as:
maxA0 V (A0 |x0 , q0 )

(19)

subject to:
xt+1 = fi (xt , at , zt )

t ∈ {0, 1, . . ., T − 1},

qt+1 = g(qt , xt+1 )

Two points are noteworthy. First, the random variable zt represents
an uncontrolled environmental process that induces stochasticity
in the transition function xt + 1 = fi (xt , at , zt ), and thus produces the
Markovian probabilities P(xt+1 |xt , at ). Second, the updating function g(qt , xt+1 ) for qt is typically (but not necessarily) Bayes’ theorem.
A key issue in determining the way optimal decisions are identiﬁed concerns the updating of the model state in the decision
process. Decision making at each time uses the current model state
qt in the decision-making algorithm, along with an update of the
model state for the next time step based on qt and the system
response xt+1 . This is the essence of adaptive management, which
can be either passive or active (Williams et al., 2002). Our focus
here is on the passive form.
In passive adaptive management, decision making at a given
time t utilizes the model state qt to weight both the immediate
utilities and their anticipated accumulation over the remainder of
the time frame:





P(xt+1 |xt , at , qt )V (At+1 xt+1 , qt ),

xt+1

(20)
where the model weights qt (i) are used to compute an average
utility
U(at |xt , qt ) =



qt (i)Ui (at |xt ),

(21)

i

as well as probabilities
P(xt+1 |xt , at , qt ) =



qt (i)Pi (xt+1 |xt , xt , at ),

(22)

i

and future values



V (At+1 xt+1 , qt ) =





qt (i)Vi (At+1 xt+1 ).

(23)

i

The corresponding optimization form is:
V [xt , qt ] = maxat

⎧
⎨

U(at |xt , qt ) +

⎩


xt+1

Survival sub-model

Reproduction sub-model

M0
M1
M2
M3
M4
M5
M6
M7
M8

(.)
(TempDays)
(TempDays, N)
(.)
(TempDays)
(TempDays, N)
(.)
(TempDays)
(TempDays, N)

(TempDays, A)
(TempDays, A)
(TempDays, A)
(TempDays)
(TempDays)
(TempDays)
(.)
(.)
(.)

K (sd)
120 (8)
129 (8)
59 (4)

66 (3)

65 (5)

i ∈ {1, . . ., I}

t ∈ {0, 1, . . ., T − 1}.

V (At |xt , qt ) = U(at |xt , qt ) +

Model

⎭

2.4.2. Harvest management for pink-footed geese
We combined the three alternative survival models with the
three alternative reproductive models to form a set of nine annualcycle models for pink-footed geese. These models represent a wide
range of possibilities concerning the extent to which demographic
rates are density dependent or independent, and to the extent
that spring temperatures are important. The nine models varied
greatly in their predictions of carrying capacity – i.e., the population size expected in the absence of harvest. We estimated carrying
capacity by setting the harvest rate to zero, and then simulating
population size over time until the mean had stabilized. Models
in which survival was density independent and reproduction was
density dependent tended to have the highest carrying capacities (Table 1). Of course, models that had no source of density
dependence did not have ﬁnite carrying capacities (i.e., they are
exponential growth models by deﬁnition). The three models in
which survival was density dependent seem to imply unrealistically low carrying capacities, given that the population is currently
being harvested and consists of approximately 80 thousand birds.
We note, however, that these models (as well as the other models) imply higher carrying capacities under the warmer conditions
observed in May over the last decade in Svalbard.
The identiﬁcation of an optimal harvest strategy for pink-footed
geese then involved integrating: (a) a management objective; (b) a
set of potential harvest actions; (c) models of population dynamics;
and (d) a monitoring program to identify system state.
The harvest management objective, expressed in terms of state
and action dependent utilities, was:



⎫
⎬

P(xt+1 |xt , at , qt )V [xt+1,qt ]

system response xt+1 is recorded. At that time a new model state qt+1
is derived from xt+1 and another optimization is conducted using
the new model state over the new timeframe [t + 1, T]. With this
operational sequence of optimization, implementation, monitoring, and model updating, it is clear that at any particular time the
choice of an action is inﬂuenced by both the current system and
model state. However, the choice is not inﬂuenced by the anticipated impacts of decisions on future model state (i.e., learning). In
this sense, adaptive decision making is held to be “passive.”

,

(24)
with optimization proceeding by standard backward induction
starting at the terminal time T. In this framework, the model state
qt is a ﬁxed (i.e., constant) parameter over the timeframe [t, T] of
the optimization. The updating of the model state occurs “off-line”
of the optimization algorithm, after a decision is implemented and

V [xt ] = max(at ) E

T




H(at |xt )u(a |x ) |xt

,

(25)

=t

where H(a |x ) is harvest, and harvest utility is:
1
=e 2
−

u(a |x )

=0
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N

− 60
10

t+1

2

if Nt+1 > 0
otherwise

(26)
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and Nt+1 is total population size (in thousands). Harvest-utility is
thus a bell-shaped curve with its peak corresponding to a goal
for population size of 60 thousand. The objective function (Eq.
(25)) therefore seeks to maximize sustainable harvest, but devalues harvest decisions that are expected to result in a subsequent
population size different than the population goal, with the degree
of devaluation increasing as the difference between population size
and the goal increases. The harvest-utility curve is symmetric, but
an asymmetric curve in which utility drops faster for small populations than large populations might be more appropriate in those
cases where population viability is more of a concern than problems
associated with high abundance. We emphasize that the population
target is not a fundamental objective, but rather a means objective
(Keeney, 1992) that is intended to indirectly satisfy the concerns of
diverse stakeholders, including conservationists and farmers that
incur crop damage.
We required a set of potential harvest-management actions
available at each time A ∈ {a1 , a2 , a3 , . . .}, but the degree to which
harvest rates can be manipulated on geese in Europe is largely
unknown. We also do not know the maximum harvest rate that
is either attainable or socially acceptable. For investigative purposes, we used potential harvest rates of h ∈ {0.00, 0.04, 0.08, . . .,
0.16} on birds having survived at least one hunting season. We then
assumed harvest rate on young of the year is twice that of adults.
These assumptions imply a maximum harvest of approximately 17
thousand (about 40% higher than the observed maximum harvest)
out of a population of 80 thousand birds. Note that we were obliged
to use harvest rates, rather than absolute harvest, as the control
variable because of a computational problem arising from the postharvest population census. To derive an optimal harvest we must
ﬁrst specify the number of young and adults in the total harvest, but
this cannot be known a priori because it depends on the age composition of the pre-harvest population. Yet, the age composition of
the pre-harvest population cannot be predicted from our models
without knowing the age composition of the harvest. Therefore,
we derived strategies of optimal harvest rates and then calculated
the associated absolute harvests.
Finally we required one or more models that predict the consequences of those actions in terms that are relevant to the
management objectives. The nine models of population dynamics
have been described previously and are summarized in Table 1. For
the time-speciﬁc observation of system state xt , managers would
rely on the number of young and number of adults in November and
temperature days in May to identify the optimal state-dependent
harvest action, and ultimately to update model weights qt+1 = g(qt ,
xt , at ).
Given these components (Table 2), optimal harvest strategies
were calculated using the public-domain software SDP (Lubow,
1995), which implements the backward-induction algorithm
known as discrete stochastic dynamic programming (Puterman,
1994). We calculated the optimal harvest strategy for each of the
nine models (i.e., using a model state with probability 1.0 for one
model and 0.0 for the remaining eight models) and for a model state
that considered all models equally plausible (i.e., each model with a
weight of 1/9). We calculated harvest strategies for an inﬁnite time
horizon by continuing the backward induction until the strategy
stabilized (i.e., was no longer time dependent). We then simulated
each of the 10 harvest strategies for one thousand iterations under
each model of population dynamics.
We used two approaches to determine a robust harvest strategy; i.e., one that would perform “well” regardless of uncertainty
about the most appropriate model. In the ﬁrst approach, we identiﬁed the harvest strategy that maximized the minimum level of
expected performance (in terms of the average objective value)
regardless of the most appropriate model. This so-called maxi–min
approach has sometimes been criticized, however, as being too
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Table 2
Values taken by state, decision, and random variables for optimization of pink-footed
geese harvest rates.
Variable

Values

NY = number of young (in thousands) in November
NY = number of sub-adults and adults (in
thousands) in November
TempDays = number of days above freezing in May

0: 2: 20a
0: 2: 120a
Pr(0) = 0.0892
Pr(4) = 0.3562
Pr(8) = 0.3112
Pr(12) = 0.1663
Pr(16) = 0.0607
Pr(20) = 0.0144
Pr(24) = 0.0018
Pr(28) = 0.0001
0.00: 0.04: 0.16a
Pr(0.90) = 0.0159
Pr(0.92) = 0.0916
Pr(0.94) = 0.3201
Pr(0.96) = 0.4756
Pr(0.98) = 0.0967
Pr(0.05) = 0.0159
Pr(0.10) = 0.0916
Pr(0.15) = 0.3201
Pr(0.20) = 0.4756
Pr(0.25) = 0.0967

h = harvest rate
 = annual survival from natural sources of
mortality (models M0, M3, M7)

p = proportion of young in November (models M6,
M7, M8)

a
Notation x: y: z indicates minimum value, increment, and maximum value,
respectively.

conservative because it emphasizes the worst possible outcome
(Berger, 1985). In the second approach, we identiﬁed the harvest
strategy that is expected to minimize the maximum loss (Polasky
et al., 2011). In this case, the loss in performance for each modelstrategy combination is calculated as the difference between the
expected performance for each model-strategy combination and
the best performance expected under each model. Then the robust
strategy is the one that minimizes the maximum loss across all
models. In both approaches to robustness, we assumed all nine population models were equally plausible. The use of informative prior
weights on the models could lead to different robust strategies.
Finally, we investigated the expected value of information,
which characterizes the increase in management performance that
could be expected if model uncertainty were reduced or eliminated
(Runge et al., 2011; Williams et al., 2011). We ﬁrst calculated the
expected value of perfect information (EVPI), which is the expected
increase in objective value assuming that the most appropriate of
the nine population models could be identiﬁed:
EVPIt (x, q) =


i

qt (i)maxAt V i (At |xt ) − maxAt



qt (i)V i (At |xt ),

i

(27)
where i denotes a population model, q(i) is the probability associated with model i, and V i (At |xt ) is the model-speciﬁc value of an
optimal, state-dependent strategy. EVPI thus is the model-averaged
maximum objective value across models, less the maximum of the
model-averaged objective values. In other words, EVPI is the difference between the expected value if model uncertainty were
resolved (the ﬁrst term) and the best performance that could be
expected in the face of continuing uncertainty (the second term).
Note from Eq. (27) that EVPI depends on time t, system state x and
model state q. For our purposes, we used the simulations described
previously to determine a time- and state-averaged EVPI under the
assumption of equal and constant model weights.
We also calculated the expected value of partial information
(EVPXI), focusing on the expected gain in management performance if either uncertainty about the survival or reproductive
models could be resolved. EVPXI can be useful for determining
which source of uncertainty most limits management performance,
and therefore which uncertainty may be the most important target
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Table 3
Mean objective values (in thousands of geese) based on simulations of model-speciﬁc, optimal strategies for nine models of pink-footed goose population dynamics. Refer to
Table 1 for a description of the models. M= represents the optimal strategy when all nine models are weighted equally. In the face of uncertainty as to the most appropriate
model, the model-speciﬁc optimal strategy for model M2 is expected to maximize the minimum objective value.
Model
Survival
Reproduction
Strategy

(.)
(days, A)
M0

(days)
(days, A)
M1

(days, N)
(days, A)
M2

(.)
(days)
M3

(days)
(days)
M4

(days, N)
(days)
M5

(.)
(.)
M6

(days)
(.)
M7

(days, N)
(.)
M8

min

M0
M1
M2
M3
M4
M5
M6
M7
M8
M=

4.78
4.77
4.31
4.75
4.72
4.58
4.68
4.65
4.43
4.72

5.31
5.31
4.87
5.22
5.28
5.14
5.12
5.12
4.97
5.26

1.39
1.42
2.12
0.85
0.99
2.02
1.04
1.15
2.06
1.80

7.90
7.85
7.45
8.06
8.05
7.55
7.81
7.82
7.47
7.67

8.47
8.47
8.30
8.58
8.63
8.34
8.31
8.39
8.22
8.32

2.90
2.93
3.26
2.42
2.53
3.31
2.58
2.70
3.28
3.23

7.30
7.30
6.79
7.28
7.23
7.02
7.42
7.41
7.02
7.28

7.83
7.86
7.40
7.79
7.74
7.63
7.75
7.86
7.64
7.86

2.85
2.83
3.23
2.53
2.59
3.25
2.68
2.70
3.28
3.15
max

1.39
1.42
2.12
0.85
0.99
2.02
1.04
1.15
2.06
1.80
2.12

for active adaptive management or a traditional research program.
EVPXI measures the loss of value corresponding to uncertainty
across the models in one subset, while accounting for the residual
uncertainty in the complimentary subset (Williams et al., 2011).
In our case, we have three alternative survival models and three
reproductive models. We calculated the value of EVPXI as:
EVPXIIt (x, q) =



qt (i)maxAt

i

−maxAt







q(í i )V íi (At |xt )

í

qt (i, í)V ií (At |xt ),

(28)

i,í

where i and í are indices corresponding to the survival and reproductive models respectively, such that model (i, í) denotes a speciﬁc
combination of one survival model and one reproductive model.
Note that the second term in EVPXI is equivalent to the second
term in calculating EVPI in Eq. (27) (i.e., the best that can be done
in the face of continued uncertainty about which of the nine models is most appropriate). Eq. (28) denotes the value of eliminating
uncertainty about the three alternative survival models. An analogous expression for the three reproductive models is obtained by
switching i and í in Eq. (28). As before, we used simulation results
to obtain time- and state-averaged values of EVPXI, by considering
equal and constant model weights.
3. Results
As expected, attaining the largest mean objective value
depended on the ability to match a model-dependent optimal strategy with its generating model of population dynamics (Table 3).
The nine models suggested widely varying objective values regardless of the harvest strategy, with the density-independent models
generally producing higher objective values than models with
density-dependent survival. Recall that the models with densitydependent survival suggest relatively low carrying capacities
(Table 1), so that only very low rates of harvest permitted the pinkfooted goose population to remain near the goal of 60 thousand.
Density-independent models, on the other hand, allowed for relatively high rates of harvest that were also capable of keeping the
population near its goal.
In the face of uncertainty as to the most appropriate model of
population dynamics, the optimal strategy that assumed both survival and reproduction were a function of goose abundance and
temperature days (i.e., the optimal strategy for model M2) maximized the expected minimum objective value across all models
(Table 4). In contrast, the optimal strategy assuming equal model
weights minimized the expected maximum loss in objective value.

Optimal strategies for models M5 (density-dependent survival, and
both survival and reproduction a function of temperature days) and
M8 (density and temperature dependent survival; random reproduction) are also expected to be relatively robust based on our
criteria.
The two most robust harvest strategies exhibit both similarities
and differences. The optimal strategy for model M2 suggests relatively sharp increases in harvest rate as the population increases
above about 45 thousand birds, regardless of the number of days
above freezing in May (Fig. 3). Note, however, that the increase in
optimal harvest rate is more rapid with higher numbers of warm
days in May. Regardless of the number of temperature days, the
optimal strategy is rather “knife-edged,” meaning that relatively
large changes in optimal harvest rate can accompany relatively
small changes in goose abundance. Knife-edged strategies are typically frowned upon in practice because stakeholders often fail
to understand the need for large changes in hunting regulations
with small changes in goose abundance, or because relatively small
changes in goose abundance are not detectable within the precision
of extant monitoring programs. Interestingly, the optimal strategy
for model M2 suggests that harvest rates should be decreased at
very high levels of goose abundance. This counter-intuitive result
follows from the fact that this model posits rather dramatic reductions in survival and reproduction at high population sizes, such
that relatively low harvest rates are sufﬁcient to reduce the population size toward the goal of 60 thousand.
The optimal strategy assuming equal model weights is similar
to that for model M2, except that there is less of an effect of temperature days and the strategy is even more knife-edged (Fig. 4). For
example, for eight temperature days the optimal harvest rate for
50 thousand adults changes from 0.00 when there are no young in
the fall population to 0.16 when there are 14 thousand young. The
optimal strategy for equal model weights, unlike that for model M2,
is monotonic in that optimal harvest rates do not decrease at high
levels of goose abundance. The optimal strategy based on equal
model weights also had the highest expected objective value averaged over all nine models, which is a criterion sometimes used to
select a strategy in the face of model uncertainty. For a given optimal strategy, the absolute harvest associated with any particular
harvest rate is model-speciﬁc. Averaging absolute harvests (rather
than harvest rates) over all nine models, optimal harvests for the
strategy assuming equal model weights are near zero when population size <50 thousand, around 10 thousand when the population is
near the goal of 60 thousand, and 15–20 thousand when population
size is >70 thousand (Fig. 5).
The expected value of eliminating uncertainty over the nine
models was only EVPI = 0.164 thousand per year, or an increase
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Table 4
The expected loss in objective value (in thousands of geese) based on simulations of model-speciﬁc optimal strategies under nine models of pink-footed goose population
dynamics. Refer to Table 1 for a description of the models. M= represents the optimal strategy when all nine models are weighted equally. In the face of uncertainty as to the
most appropriate model, the optimal strategy assuming equal model weights is expected to minimize the maximum loss.
Model
Survival
Reproduction
Strategy

(.)
(days, N)
M0

(days)
(days, N)
M1

(days, N)
(days, N)
M2

(.)
(days)
M3

(days)
(days)
M4

(days, N)
(days)
M5

(.)
(.)
M6

(days)
(.)
M7

(days, N)
(.)
M8

|max|

M0
M1
M2
M3
M4
M5
M6
M7
M8
M=

0.00
−0.01
−0.47
−0.03
−0.06
−0.20
−0.10
−0.13
−0.35
−0.06

0.00
0.00
−0.44
−0.09
−0.03
−0.17
−0.19
−0.19
−0.34
−0.05

−0.73
−0.70
0.00
−1.27
−1.13
−0.10
−1.08
−0.97
−0.06
−0.32

−0.16
−0.21
−0.61
0.00
−0.01
−0.51
−0.25
−0.24
−0.59
−0.39

−0.16
−0.16
−0.33
−0.05
0.00
−0.29
−0.32
−0.24
−0.41
−0.31

−0.41
−0.38
−0.05
−0.89
−0.78
0.00
−0.73
−0.61
−0.03
−0.08

−0.12
−0.12
−0.63
−0.14
−0.19
−0.40
0.00
−0.01
−0.40
−0.14

−0.03
0.00
−0.46
−0.07
−0.12
−0.23
−0.11
0.00
−0.22
0.00

−0.43
−0.45
−0.05
−0.75
−0.69
−0.03
−0.60
−0.58
0.00
−0.13
|min|

−0.73
−0.70
−0.63
−1.27
−1.13
−0.51
−1.08
−0.97
−0.59
−0.39
−0.39

in objective value of only 3.0%. The EVPI represents the difference
between the best that could be expected if the most appropriate
model were known (5.64 thousand per year) and the best that
could be expected in the face of model uncertainty (i.e., that using
the strategy for equal model weights; 5.48 thousand per year).
The value of eliminating uncertainty about the survival process
was substantially higher (0.119 thousand per year) than that associated with the reproductive process (0.006 thousand per year),
which is consistent with evidence that variation in survival is

more important than variation in reproduction in relatively longlived avian species (Stahl and Oli, 2006). Comparing the expected
objective value if the most appropriate model were known with
that of the robust strategy for model M2, we found EVPI = 0.338
or an expected increase of 6.2%. This result underscores the conservatism of the maxi–min rule and suggests that risk-neutral
managers would prefer the optimal strategy that maximizes
expected value, which is also the strategy that is expected to minimize the maximum loss (i.e., the strategy based on equal model
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Fig. 3. Optimal harvest rates for pink-footed geese assuming model M2, which posits that both survival and reproduction are a positive function of the number of days above
freezing in May in Svalbard (TempDays) and a negative function of goose abundance (young and adults in thousands). Optimal harvest rates decline with high numbers of
adults and young because the density-dependent model posits sharp declines in survival and reproduction at these levels.
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Fig. 4. Optimal harvest rates for pink-footed geese (young and adults in thousands) assuming equal weights for nine population models (see text or Table 1 for a description
of the models). TempDays is the number of days above freezing in May in Svalbard.

weights). Risk-averse managers, on the other hand, would prefer
the strategy for model M2 because it maximizes the minimum
objective value across all models.
4. Discussion
A useful tool for addressing questions about the nature and
implications of model uncertainty is the expected value of information (Clemen, 1996). The expected value of perfect information
(EVPI) expresses the gain in management performance if uncertainty about a set of alternative models were eliminated. Although
model uncertainty can never be eliminated in resource management problems, EVPI provides a useful heuristic for determining
the extent to which a speciﬁed source of uncertainty is relevant
to management decisions. EVPI is simply the difference between
the objective return expected if there were no model uncertainty
and the best that could be expected with values that are averaged
over uncertain outcomes. EVPI is often expressed in dollars, but any
relevant performance metric will sufﬁce. Expressing EVPI in dollars is useful, however, for determining what managers should be
willing to spend on monitoring and other data-collection programs
designed to reduce model uncertainty.
Also of potential use in the design of adaptive management
programs is the notion of the expected value of partial information, in which the value of eliminating one of multiple sources
of model uncertainty is assessed. This form recognizes multiple
sources of model uncertainty, but focuses on the value of reducing only one of the sources while accounting for the other. Runge
et al. (2011) used the expected value of partial information to help

focus an adaptive management program by prioritizing eight competing hypotheses concerning reproductive failure in a population
of endangered whooping cranes (Grus americana). With a relatively
long-lived species like the pink-footed goose, it was not surprising
that eliminating uncertainty about the alternative survival models
would provide most of the gain in management performance that
could be attained by eliminating all model uncertainty.
Some authors (Moore and McCarthy, 2010; Walters, 1986) have
observed that EVPI is often low in practice, and we found this to
be the case for the range of models considered for the pink-footed
goose. EVPI will be low if uncertainty is low or if optimal management actions are insensitive to model choice. In some cases,
management may be constrained (e.g., by laws or cultural norms)
in such a way that it is not possible to capitalize on what is learned.
Clearly, EVPI will be low where time horizons are short (Hauser
and Possingham, 2008), or where the future is heavily discounted
(Moore et al., 2008). Interestingly, the work of Moore and McCarthy
(2010) suggests that EVPI may be higher in those cases where
variability in objective returns are considered (e.g., some minimal
performance is desired), because learning may have more inﬂuence
on the variance of a parameter estimate than on its expected value.
EVPI can be particularly useful for the design and implementation of effective monitoring programs to support adaptive
management (Moir and Block, 2001). Even if a rigorous assessment
of information value is not possible, the expected-value heuristic can be helpful for bringing clarity of thought and purpose to
questions concerning monitoring design (Wintle et al., 2010). For
example, because of the direct and opportunity costs of monitoring, some authors have begun to explore the optimal frequency of
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Fig. 5. Optimal harvests (rather than harvest rates) for pink-footed geese (all in thousands) assuming equal weights for nine population models (see text or Table 1 for a
description of the models). TempDays is the number of days above freezing in May in Svalbard.

resource monitoring. Here the notion of optimality concerns the
ability of a monitoring program to provide information that will
improve management performance in a demonstrable and costeffective way (Hauser et al., 2006b; McDonald-Madden et al., 2010).
The low value of information calculated for pink-footed geese
suggests that a robust strategy could be as nearly effective as an
adaptive one (i.e., one that will eventually identify the most appropriate model). Of course, an alternative explanation for the low
value of information is that the set of population models we considered was too narrow to represent key uncertainties. Yet we know
that questions about the presence of density dependence must
be central to the development of a sustainable harvest strategy
(Hilborn et al., 1995). And while there are potentially many environmental covariates that could help explain variation in survival
or reproduction, the admission of models in which vital rates are
drawn randomly from reasonable distributions represents a worstcase scenario for management. We suspect that much of the value
of the various harvest strategies we calculated is derived from the
fact that they are state dependent, such that appropriate harvest
rates depend on population abundance and weather conditions, as
well as our focus on an inﬁnite time horizon for sustainability.
It is important to emphasize that there are other sources of
uncertainty beyond model structure that might limit management performance. For example, given a speciﬁc model structure,
there will be uncertainty concerning the parameters of that model.
Where the most appropriate structure is relatively certain, an
appropriate focus might be on parametric uncertainty, in which
the sampling errors of parameter estimates can be used to posit
alternative models. Another source of uncertainty is partial system
observability, in which the state of the resource system can only be
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known within the accuracy and precision of extant monitoring programs. Poor quality monitoring programs can lead to inappropriate
management actions and slow or spurious model discrimination,
yet optimal management strategies for partially observed Markov
processes are notoriously hard to calculate (Williams, 2009).
Another source of uncertainty we did not consider was partial controllability, in which the correspondence between intended and
realized management actions is not perfect. For example, Johnson
et al. (1997) used empirical data to specify distributions of harvest
rates arising from different regulatory actions, and then explicitly
considered these in the calculation of optimal harvest strategies.
Partial controllability can erode short-term management performance, as well as slow the learning necessary to improve future
management. Ultimately, partial controllability will be of concern
to managers of pink-footed goose harvest, but our concern here
was with the range of harvest rates that might be appropriate given
various assumptions about population dynamics.
We believe the research presented here is an important ﬁrst
step in a more informed management strategy for the Svalbard
population of pink-footed geese. We emphasize, however, that
implementation of any informed strategy, either adaptive or robust,
will require a sufﬁcient monitoring program. At a minimum, a continued ground census in November would provide estimates of
population size and proportion of young. Continued estimates of
harvest from Norway and Denmark are also necessary to help judge
the credibility of the alternative population models. Importantly,
an adaptive management process that relies on periodic updating
of model weights will depend on acquiring either estimates of the
realized harvest rate of adults or the age composition of the harvest.
This will require a concerted effort in both Denmark and Norway

to obtain and reﬁne estimates of total harvest, age composition of
the harvest, and the number of banded geese that are harvested.
In the long term, a ground census at the beginning of November
is problematic. In the early years, this was essentially a post-harvest
census, which provided the age structure of the population after
young and adults had been exposed to hunting. Ideally, the age
structure of the population prior to harvesting would be available.
It is the post-harvest assessment of age structure that prevented us
from using absolute harvest as a control variable. The availability of
estimates of harvest rate or age composition of the harvest would
allow us to overcome this limitation. There are other problems with
a November census, however. An assessment of population status
just prior to making a decision about appropriate hunting seasons
is preferred. With the November census, the time between population assessment and the subsequent hunting season is long (9–10
months), meaning that our predictions of population status just
prior to the hunting season are very uncertain. Even more problematic, however, is the fact that in recent years more of the harvest
has been occurring after the November census because geese are
staying in Denmark longer. The fact that the November census
increasingly occurs before the effects of the current hunting season are fully realized is a problem that can only be addressed by
making critical assumptions that cannot be veriﬁed. For all of these
reasons, we believe it is prudent to consider a census conducted
either on the breeding grounds or on staging areas during spring
migration, recognizing that the latter option is likely to be more
logistically feasible.
Finally, there is a pressing need to assess current rates of survival. Of great use would be an examination all mark-recapture
data since 1990 as part of a comprehensive analysis targeted at
supporting an adaptive-management framework. In particular, it
would be useful to know whether survival rates differ among age
classes. For long-lived species like geese, survival is the most critical
rate determining an appropriate harvest strategy, and signiﬁcant
age dependency in survival has important implications for how
populations respond to harvest. Speciﬁcally, it would be helpful
to understand whether the pink-footed goose population could
be expected to exhibit transient dynamics in response to harvest because of the phenomenon of population momentum (Koons
et al., 2006). Population momentum resulting from signiﬁcant age
dependency in demographic rates can induce time delays in the
response to harvest (or other environmental factors). A failure to
recognize important age dependencies thus raises the risk of changing a harvest-management action before the effects of the original
action are fully realized (Hauser et al., 2006a).
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Abstract
For huntable waterbird species, the autumn migration strategy may be important for

their fitness, as their behaviour and environmental factors may influence their exposure
to hunting mortality, or hunting activity may reduce the access to food resources which

may be limited in the wintering areas, thereby affecting winter survival. In this study we

assessed the possible influence of food resources, weather conditions, inter-specific
competition and hunting intensity (as a measure of possible disturbance) on abundance
and distribution of the Svalbard breeding population of pink-footed geese Anser

brachyrhynchus, at their main autumn stopover site in Norway. The results show that
food resources in term of spilt cereal grain were abundant, also by the time the geese
had moved on. Snow cover did not limit the food availability during the main migratory

period. Inter-specific competition with greylag geese Anser anser reduced food supplies

locally and appeared to be increasing. Goose hunting intensity varied between sites and
our data indicate a negative relationship between hunting intensity and the rate at

which geese consumed the food resources. Collectively, our results suggest that the
majority of pink-footed geese leave the stopover area prematurely due to too high a

hunting intensity. In case of pink-footed geese, population consequences of disturbance
is not a concern at present; however, an international species management plan calls for

1) keeping disturbance low in areas where geese do not cause conflicts with agriculture

to prevent that they are pushed to areas with problems, and 2) increased harvest to
reduce and stabilise the population size. Both objectives can be met by reducing hunting

disturbance in mid-Norway and it is recommended that a better local organisation of

hunting is implemented.

Key words: autumn migration, habitat use, resource availability, disturbance,
hunting, pink-footed goose
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Introduction
The migratory phases of the annual cycle of birds may be hazardous both because of

adverse weather encountered during migration with consequent mass mortality, and
because of competition over limited resources on stopover sites which may have

repercussions on the ability of birds to refuel and to make it to the next target area on
the migration route (Newton 2006). While there are several studies on spring migration

ecology and how the behaviour of birds and environmental conditions may influence
fitness in terms of subsequent breeding success (Drent et al 2003; Morrison et al 2007;
Inger et al 2008; Trinder et al 2009), relatively little attention has been paid to autumn
migration.

For Arctic breeding migratory birds, an optimal timing of autumn migration is

critical to ensure survival back to temperate regions. Once they reach their staging and

wintering areas, however, their movements may be more flexible in timing and extent,

depending on local food availability, predation risk and weather conditions (Madsen
1988). Staging for an extended period in an autumn stopover site with high food

abundance may also be advantageous, as conditions further south are unpredictable

and with a risk of being less profitable in terms of food availability (Newton 2004).

Extra reserves gained at one site, will therefore be an insurance for food shortages

and/or bad weather later in the season and, hence, increase the survival probability

(Newton 2008). For species which are hunted, the autumn migration will be just as
important for their fitness as the spring migration since their behaviour and
environmental factors may influence their exposure to hunting, hence affect their

survival (Menu et al 2005). Furthermore, in cases where there is evidence of limited
resources on the wintering grounds, disturbance caused by hunting (together with

other sources of disturbance) on stopover sites may push birds down the migration

corridor, to encounter density-dependent depletion of food supplies and starvation on
the wintering grounds (Madsen and Fox 1997). Hunting may also cause disruption of
pair bonds and hence potentially affect fitness (Nicolai et al 2012).

A number of factors control the availability of food along the migration route. For

geese breeding in the Arctic and migrating over northern Europe, split grain on stubble
fields, root crops and intensively managed grasslands are important food resources (Gill

et al 1996; Fox et al 2005). As long as the cereal or root crop fields are harvested and

thereby provide spilt grain or root crop remains as food, and the foraging habitats are
not covered by snow, the food accessibility may be good for staging and overwintering

geese. Spilt grain and root crop remains are finite resources, however, and along with

the timing of harvest (determining when food becomes available), intra- and

interspecific competition may affect resource availability (Kotrschal et al 1993; Madsen
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2001). Moreover, as geese are a popular target for recreational hunting in many
countries, the hunting activity, or other disturbances caused by humans, may influence

their habitat preferences, forcing them to leave an area even though the weather and
snow conditions may be favourable and food resources still plentiful (Bell and Owen

1990; Madsen and Fox 1995). For example, it has been shown that in areas with
hunting, geese will relocate their distribution and not return to the hunting area within

the same day. With frequent hunting, resources, which otherwise would have been
available under undisturbed conditions, were therefore under-exploited (Madsen
2001). An increased predator risk/disturbance may also lead to reduced foraging time
(Ely 1992), or more time spent on less preferred feeding habitats (Béchet et al 2004;
Tombre et al 2005).

In the present study, we evaluate environmental factors affecting the number of

pink-footed geese Anser brachyrhynchus utilising an autumn stopover site, Nord-

Trøndelag in mid-Norway. The population stops in Norway on their way back from their

breeding areas in Svalbard to wintering grounds in Denmark, the Netherlands and
Belgium. The geese arrive in the hunting season, and 80 % of the pink-footed geese shot

in Norway are harvested in the Nord-Trøndelag (Statistics Norway, www.ssb.no). Figure
1 summarises the hypothesised effects of a set of parameters potentially influencing the

geese in the study area. Disturbance, in term of hunting, is predicted to have a negative

effect on goose numbers and influence their distribution in the area. Goose hunting has
increased in mid-Norway over the last decade (Tombre et al 2009; Tombre et al 2011).

Too intense hunting may chase the geese further south on their migration route. Snow
cover will also be a negative factor, as the accessibility of food will be greatly reduced

with a snow layer on top. We further hypothesise that other weather parameters, like

rain and temperature, will have their effects via the agricultural practise. A heavy

rainfall and /or low temperatures in August and September may delay the timing of

harvest, resulting in fewer harvested fields with accessible grain for the geese when
they arrive to the area. Although an early harvest is positive for the geese, a subsequent

early ploughing will be negative, as this will reduce the number of available stubble
fields. Another goose species, the greylag goose Anser anser (the Northwest European
population) also utilises this staging site, but when the pink-footed geese arrive, the
majority of greylag geese has normally left the area (Nilsson et al 1999). However, due

to this spatial, and partly temporal, overlap with the pink-footed geese, they may affect

the pink-footed geese negatively either directly or indirectly via resource competition.

The greylag goose population has increased dramatically during recent decades (Fox et
al 2010), which may increase the competition for food resources.

By quantifying and collecting data on hunting activity, weather parameters,

agricultural practise, food abundance and occurrence of greylag geese as a measure of
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competition, we evaluate factors influencing the numbers and distribution of pink-

footed geese utilising the stopover site in mid-Norway. Data presented in this study
stem from three years of study and from three different study areas with varying data

availability, such as detailed information about hunting positions. Due to the patchiness
of the data we were not able to conduct a detailed multifactorial statistical analysis but

had to resort to a descriptive site-based assessment of the importance of each of the
variables in question.

Figure 1 Flow diagram of the hypothesised effect of disturbance, weather conditions, agricultural

practise and inter-specific competition on the abundance and distribution of pink-footed geese staging in
mid-Norway in the autumn. The effects may either be direct or indirect via the food availability.

Material and Methods

Study population and study area
The population of pink-footed geese breeds on the high-Arctic archipelago of Svalbard

and winters in Denmark, the Netherlands and Belgium. Over the last decades, it has

expanded its use of farmland areas along the flyway, due to improved feeding

conditions (Therkildsen and Madsen 2000; Fox et al 2005). Coupled with increased

protection from hunting in the 1970s, warmer winters and improved breeding

conditions due to a warmer climate, adult survival and breeding success have increased
(Ebbinge et al 1991; Kery et al 2006; Jensen et al 2014). This has led to a population
increase from c. 20,000 in the 1970s to more than 80,000 in 2010-12 (Madsen and

Williams 2012). Because of the increase in goose numbers and their concentration on

vulnerable farmland, especially in spring, there has been an increase in conflicts with
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agricultural interest (Tombre et al 2013; Madsen et al 2014). Moreover, on the breeding
grounds, an increasing grazing pressure has led to signs of degradation of tundra

vegetation at several locations (Speed et al 2009; Pedersen et al 2013a; Pedersen et al
2013b). Collectively, these management concerns led to the development of an

international species management plan for the population, under the African-Eurasian

Waterbird Agreement. As a first European test case, a population target has been set to
60,000 individuals, which is to be achieved by an optimisation of hunting regulations

and practises in Norway and Denmark (Madsen and Williams 2012).

The pink-footed geese depart Svalbard in mid-September. During migration, they

stop primarily along the Trondheim Fjord, Nord-Trøndelag in mid-Norway and along

the west coast of Jutland in Denmark (Madsen et al 1999). Smaller flocks have also been
reported in north and south Norway, as well as in south Sweden (Madsen and Williams
2012; Nilsson 2013).

The study was carried out during 2011-2013 at three study areas along the

Trondheim Fjord in Nord-Trøndelag County, Norway; Skogn, Nesset and Egge (Figure

2). These areas are mixed farmlands with growth of spring cereals, pastures and
potatoes. By the arrival of pink-footed geese in September, the majority of the cereal
fields are harvested. Pink-

footed geese and greylag geese
use all three sites in the

autumn, and they are both
quarry species in Norway as
well

as

in

Denmark.

In

Norway, there is an open
season from 10 August to 23
December and in Denmark
from 1 September to 31

December (on land). Pinkfooted geese are protected in
the Netherlands and Belgium.

Figure 2 The Svalbard pink-footed
goose

flyway

autumn/winter

and

staging

major
areas

(squares).The insert map shows the

three study areas in mid-Norway,
Skogn,

Nesset

and

Egge

(open

squares) and the two weather stations
(black dots), Verdal and Steinkjer.
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Goose numbers and distribution
To assess abundance and distribution of geese and their between site and year

variation, flocks of pink-footed geese and greylag geese were counted, and their

positions in the fields were mapped. For all years, registrations were conducted on a

daily and systematic basis between 8.00 and 18.00 hours. At Skogn and Nesset, the

registration period was from 17 September to 3 November in 2011, from 18 September
to 24 October in 2012 and from 16 September to 24 October in 2013. The goose
registrations started from the first arriving pink-footed goose until most of them had
departed the area. For Egge, registrations were conducted in one year only, in 2012

from 14 September to 4 October, the main period when geese were observed in the

area. In addition, individually neck banded pink-footed geese and their habitat use were

recorded by scanning through the goose flocks when they were found. This was
conducted in all years at Skogn and Nesset.

Neckbands were registered to assess the individual length of stay, estimated by

the number of days between the first and last individual neckband observation. Habitat

use of observed flocks of geese was registered to assess changes between areas and
time of season.

The season length was divided in three roughly equally long periods; S1) 16-30

September, S2) 1-15 October and S3) 16 October to 3 November. Within each period,

the habitat use was estimated by the number of geese using a given habitat, divided by

the total number of geese in the given period. Goose numbers were defined as the
maximum goose numbers counted per day.

Environmental factors influencing goose numbers
Hunting activity

The Skogn site is a mixed farmland area covering approximately 35 km2, where more

than 16 km2 are used for hunting. Hunting is performed on private properties, and the
landowners can decide for themselves how to arrange the hunting activities as long as it
follows the general regulations set by the national environmental authority (Tombre et

al 2009). In 2011 and 2012, hunting was open to individual agreements between

landowners and hunters, whereas in 2013 the hunting was organised and restricted to
six hunting parties, each controlling part of the area. This year, hunting was also
restricted to a maximum of two hunting days per week and unit.

The Nesset site is a mixed farmland area covering approximately 10 km2. Until

2011 the hunting has been administrated through the local landowner association, but
there have been no restrictions to the hunting intensity and no organisation of shooting
existed between groups of hunters except for an agreement about one shooting-free day
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per week. During the study period, the hunting was administrated by a research project

(Jensen et al 2012) and the intensity was kept low for experimental purposes and

always finished before noon. Hence, compared to Skogn in 2011 and 2012, the hunting
intensity was generally low.

The Egge site is a mixed farmland area, covering approximately 3 km2. Since

2008, a local landowner association has administrated the goose hunting

(http://home.online.no/~o-jerpst/gas.html), but with no organisation of shooting
between groups of hunters. In 2013, only morning hunt was allowed.

For each site, information on the number of harvested pink-footed geese and the

number of hunting trips was collected. For 2011 and 2012, we do not have data on the
number of hunting trips performed by landowners in the Skogn area, only their hunting

bag. If we assume that landowners had the same shooting efficiency as hunters renting
the hunt, we can estimate the number of hunting trips by landowners from their bag
and the ratio between numbers of geese shot per hunting trip for external hunters. In
2013 the data was collected either through a private Facebook group, which also

included information from the landowners who had hunted, or directly from the

hunters. For Nesset, the hunting data was directly collected from the hunters in the
research project, and for Egge the information from all the hunters was available from
the local hunting administrator.

We expressed hunting intensity per site and year by an index, using the ratio

between the number of hunting trips per season and the area of stubble field and root
crops available at the start of the season (around 20 September).
Weather

Data on weather parameters was derived from the nearest weather stations of the

Norwegian Meteorological Institute, in the municipalities of Verdal and Steinkjer (snow
depth only available from Verdal, eklima.met.no) (Figure 2). To assess the effect of snow
cover on food availability, weather conditions from 1 August to 31 December, 2011-

2013, in terms of daily mean snow depth, were used. The effect of precipitation and
temperature on the timing of harvest, monthly cumulative temperature and monthly
cumulative precipitation were extracted for the same period.

Weather data from the two stations was strongly correlated (precipitation: r918 =

0.80, P < 0.01), mean temperature; r918 = 0.99, P < 0.01). We therefore used averages
between the two weather stations in the analyses.
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Agricultural practise and food availability

To assess the food availability and its between area and year variation, field types and
status, whether they were harvested or ploughed, were visually registered on a map in
the field and plotted in ArcGIS. All agricultural fields at the three sites were registered.
At Skogn and Nesset, registrations were made every second week in 2011 (11 and 23
September, 9 and 23 October, 3 November) and on a daily basis in 2012 and 2013 (18

September to 24 October, and 16 September to 24 October, respectively). At Egge in

2012 registrations were made before the main arrival of pink-footed geese, and after
the departure of the majority of pink-footed geese. The data was categorised in P1, P2
and P3, and food resources data for the mid-point of each of the S1-S3 periods were
used to assess the food availability over the season, and to align data between years.

The availability of food resources, and the depletion due to goose feeding, was

estimated by spilt grain counts on randomly selected stubble fields. The counts were

conducted before the main arrival of pink-footed geese and/or when the cereal fields
were harvested (14 September to 2 October). A second count was made after the
departure of the majority of pink-footed geese and/or before the field was ploughed (8

October to 4 November). For each field, grain density was recorded in three randomly

selected plots of 0.16 m2. Based on the densities of spilt grain in the selected fields, the

total amount of spilt grain available before the pink-footed geese arrived was estimated
for each area, as well as the remaining amount when the geese had departed (late grain
counts).

Competition

The inter-specific competition between pink-footed geese and greylag geese was

assessed in terms of food availability remaining in fields where greylag geese have been
registered. Before the pink-footed geese arrived at the stopover site, droppings from

greylag geese were counted in a 2-meter radius around the grain count plots (at the
same time as the first grain count). In the grain count analyses, it was therefore

considered whether there had been any greylag geese at sites where pink-footed geese
were observed later. Counts of greylag geese were only conducted in the same period as

the pink-footed geese. Pink-footed geese and greylag geese are the only goose species
observed in the study area, although a few single individuals of Canada geese Branta
canadensis may be seen in some years (unpublished data).
Food consumption

The consumption of spilt grain in stubble fields by geese was estimated for each of the
three study areas on the basis of 1) the recorded total amount of grain available in the
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start of the season, expressed by the area of stubble multiplied by the average density of

grain in the start of the season, 2) total number of goose-days spent by pink-footed

geese and greylag geese, respectively, and 3) their daily grain intake rates. We have data

to calculate the total amount of grain for Nesset and Skogn 2011-2013 and Egge 2012.
For Skogn in 2013, we lack data on grain densities but know the area of stubble; we

have assumed that grain densities were similar to those recorded on Nesset (which was

the case in 2011 and 2012, see Results). Estimates of grain intake rates exist for pink-

footed geese foraging on newly sown barley fields where grain was partly visible on the
surface, viz., 4625 barley grain per day (Madsen 1985a); that study was carried out in
early spring when geese start accumulating body reserves. We assume the results are
comparable to the autumn situation where geese also accumulate body reserves (Ove

Martin Gundersen pers. comm.). For greylag geese, no field data is available. To estimate
their food intake, we scaled the consumption by pink-footed geese to greylag geese by

the difference in Basal Metabolic Rate (BMR), using the equation for BMR in Lasiewski

and Dawson 1967. To calculate BMR, we used body weights of pink-footed geese shot in
mid-Norway (Ove Martin Gundersen pers. comm.) and we took an average weight of
adult males, adult females and juveniles, assuming a juvenile ratio 33% in the field,

which is realistic for the stopover site in mid-Norway (J. Madsen unpubl. data). This
gives an average weight of 2325 g. Greylag goose weights were derived from
measurements of Scottish birds shot in autumn (Matthews and Campbell 1969).

Assuming a juvenile ratio of 33% in the field, this gives an average body mass of 3098 g.

Scaled to BMR, greylag geese have a 23% higher daily consumption than pink-footed
geese, equivalent to a total of 5684 grains per day.

The relationship between goose consumption rate and hunting intensity was

investigated using a locally weighted polynomial regression (Cleveland 1979).

Results

Goose abundances
The abundance of pink-footed geese, expressed by monthly numbers of goose-days,
varied between areas, years and months (Figure 3). The total number of goose-days

spent by pink-footed geese ranged from 30,286 (in 2013) to 116,071 (in 2012) at

Nesset, and from 26,655 (in 2012) to 54,643 (in 2011) at Skogn. The highest monthly

number of pink-footed geese was registered in October at Skogn and Nesset. At Egge in
2012, the total number of goose-days spent by pink-footed geese was 1456 and the
highest monthly number of pink-footed geese was registered in September (Figure 3).

The highest numbers counted at any one day at Nesset were 6,904 pink-footed geese on

24 September 2011, at Skogn 3,670 pink-footed geese on 16 October 2011 and at Egge
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672 pink-footed geese on 19 September 2012. For greylag geese numbers have

increased over the three study years, both in Skogn and at Nesset, and in terms of
goose-days, greylag geese outnumbered pink-footed geese in 2013 (Figure 3).

Figure 3 The cumulative number of pink-footed geese (103) and greylag geese (103) in two study areas in

mid-Norway, Skogn and Nesset, during September-November, 2011-2013.

The length of stay for individual neck banded pink-footed geese varied

significantly between the two areas Nesset and Skogn (F1,268 = 11.34, P < 0.01) and

between years for Nesset (F2,135 = 17.29, P < 0.01) (Table 1). At Nesset the mean length

of stay varied from 3.3 days (SE ± 0.8) in 2013 to 13.2 days (SE ± 1.3) in 2012. The

maximum length of stay was observed in 2012, with 41 days at Nesset and 28 days at
Skogn. A high proportion of geese were only observed once; ranging from 31% at
Nesset in 2011 to 79% at Nesset in 2010.

Table 1 Length of stay (number of days) based on observations of individually neck banded pink-footed
geese at two study sites in mid-Norway, Skogn and Nesset, during the autumn migration 2011-2013.

Skogn

Min

Max

Mean ± SE
Nesset

% staying one day
N total
Min

Max

Mean ± SE

% staying one day
N total

2011

2012

2013

4.08 ± 0.73

5.73 ± 0.75

5.89 ± 2.91

1

17

44.7
38
1

29

3.83 ± 1.02
78.7
47

86

1

28

40.0
85
1

41

13.19 ± 1.32
30.7
75

1

23

66.7
9
1
9

3.31 ± 0.83
62.5
16
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The habitat use by pink-footed geese (average for 2011-2013) varied between

areas and periods within the season. The main habitat used for foraging was stubble

fields (86.8% at Skogn and 74.8% at Nesset), followed by root crops, which mainly

consisted of potato and carrot fields (9.5% at Skogn and 20.3% at Nesset). For root
crops, the mid-season was most used by the geese (Figure 4).

Figure 4 The feeding habitat distribution of pink-footed geese in two study areas in mid-Norway, a)

Skogn and b) Nesset, from September-November, average for 2011-2013, during three periods in the

season S1) 16-30 September, S2) 1-15 October, S3) 16 October to 3 November , expressed as the
proportion of goose numbers in each habitat type.

Hunting activity

The total hunting bag per year in the three areas ranged from 11 pink-footed geese shot

at Egge in 2012 to 284 pink-footed geese shot at Skogn in 2011. The exceptionally high
harvest in Egge in 2011 was due to a skilled team of goose hunters shooting nearly 200

pink-footed geese in few days. The number of hunting trips ranged from 15 trips at

Nesset in 2012 and 2013 to 97 trips at Skogn in 2011 (Table 2). The hunting intensity
index, expressed by the number of hunting trips per unit area, was highest in Egge,
intermediate in Skogn in 2010, 2011 and lowest at Nesset 2010-2013 and Skogn 2013

(Table 2). In the Skogn area in 2010 and 2011 as well as in Egge in 2012, hunters were
out almost every day during the period when geese were observed. At Nesset in 2011,
hunting alternated between one and two consecutive days followed by one to eight

hunting-free days. In 2012, hunting was never conducted two days in a row, but every
second day, alternating between two zones giving a hunting free period of three days

per zone. In 2013, hunting was intensified in North and conducted every second day,
whereas it was less intense in South (hunting only every five to six day).
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Table 2 Hunting data from three study sites in mid-Norway, Skogn, Nesset and Egge, 2011-2013, in terms

of number of pink-footed geese shot, the number of hunting trips and hunting intensity index calculated
as the number of hunting trips divided by the area with stubble and root crops.
Number of pink-footed geese shot
Skogn

2011

2012

2013

209

11

71

284

Nesset

133

Egge

Number of hunting trips
Skogn

97

Nesset

16

Egge

82

Area of stubble and root crop fields (km2)
Skogn

19.1

Nesset

7.2

Egge

Hunting intensity index
Skogn

5.1

Nesset

2.2

Egge

Weather conditions

249
205
76
15
39

10.9
4.3
2.7
7.0
3.5

14.3

196
103
35
15
65

18.9
7.6
1.9
2.0

The first record of snow for each year was 28 November 2011 (2 cm), 26 October 2012

(25 cm) and 20 November 2013 (5 cm). The late first snowfall in 2011 and 2013 had
therefore no effect on the goose abundance as most geese had already departed. In
2012, the snow cover in late October may explain the rapid decline in goose numbers at
Nesset and Skogn, declining from 2800 geese on 24 October to 705 geese on 26 October.

The cumulative temperature was highest in 2011 (August: 933.3 oC, September: 722.0
oC,

October: 413.6 oC) and lowest in 2012 (August: 853.0 oC, September: 531.0 oC,

October: 253.4 oC).

The cumulative precipitation was highest in 2011 (August: 338.9 mm,

September: 287.8 mm, October: 243.0 mm) and lowest in 2012 (August: 54.0mm,
October: 150.6 mm) and in 2013 (September: 66.1mm).

Food resources

The food resources available for geese varied between areas, years and time of the
season. At Skogn, Nesset and Egge the main field types were (in descending order)

spring cereal fields, harvested, un-harvested, ploughed, grass fields, root crops and
winter cereal fields. The variation in food availability for geese between years was

mainly due to the variation in the timing of harvest, reflected in the proportion of

harvested and un-harvested fields when the geese arrived to the area. In particular, at
Skogn in 2012 the harvest was late with only 54% of the cereal fields harvested at the
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time when pink-footed geese arrived in mid-September. Between the different periods

of the season, the variability in field availability was determined by the timing of
ploughing. Especially at Skogn, the ploughing started early, and by the time when most
pink-footed geese had left in late October, between 31% (2012) and 40% (2013) of the

stubble fields had been ploughed. At Nesset and Egge, ploughing was less frequent
(Figure 5).

Figure 5 Crop types available as food sources for autumn-staging geese in three study sites, Skogn, Nesset

and Egge, in mid-Norway, expressed as the proportion of the total area used by geese from September to

November, 2011-2013, at two times during the season; P1: 23 September, and P3: 23 October.

At arrival in mid-September, the average density of spilt grain on stubble fields

ranged from 162 (SE ± 37) grains per m2 (in 2011) to 785 (SE ± 489) grains per m2 (in
2013), both counts from Egge (Figure 7). Within each area, there was only significant

differences in grain densities between years at Nesset (Nesset: F2,230 = 5.39, P < 0.01;

Egge: F2,59 = 2.88, P = 0.06; Skogn: t1,137 = -1,30, P = 0.20). Over the three years, there
were only significant differences in grain densities between sites in 2011 (2011; F2, 170 =
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4.44, P = 0.01, 2012; F2,119 = 1.91, P = 0.15, 2013: t1, 137 = 1.17, P = 0.27). On fields used
by greylag geese prior to arrival of pink-footed geese, the grain density was significantly
lower than on fields without greylag geese (t1,383 = 3.68, P < 0.01). In late October/early

November when most geese had left the area, the average density of grain ranged from

72 (SE ± 25) grains per m2 to 336 (SE ± 254) grains per m2 (data from Nesset in 2011

and Egge in 2013, respectively). There were no significant differences in grain densities
in these late counts between areas in any year (all p-values > 0.4) (Figure 6).

Figure 6 Average density of grain on stubble fields in three study areas in mid-Norway, Skogn, Nesset
and Egge, at the time when pink-footed geese arrive in the area in mid-September (A) and at the time
when most of the geese have left the area in late October/early November (B), 2011-2013. There was no

data available for Egge in late October 2012 and no data available from Skogn in 2013. Numbers in
columns represent the numbers of plots where grains have been counted. Horizontal lines show
standard error.
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At Skogn and Nesset in 2011 and 2012 there was a significant reduction in grain

densities from the first grain counts to the last grain counts (Skogn 2011: t1,111 = 5.07, P

< 0.01; 2012: t1,97 = 3.48, P < 0.01; Nesset 2011: t1,57 = 3.54, P < 0.01; 2012: t1,67 = 1.76, P

< 0.01). At Nesset in 2013 and at Egge in 2011 and 2013 there were no significant
differences in grain densities from the first grain counts to the last grain counts (all pvalues > 0.1).

The relationship between the total amount of grain available and the number of

pink-footed goose days spent at the three areas differed greatly (Figure 7). At Skogn

there was a high amount of spilt grain but relatively few goose days (30,000-50,000)

compared to Nesset, which had a lower amount of spilt grain but relatively more goose
days (100,000-120,000).

Figure 7 Relationship between the total amount of spilt grain (kernels 108) available and the cumulative

number of pink-footed geese (103) at three study areas in mid-Norway, Skogn (S), Nesset (N) and Egge
(E) from September-November, 2011-2013

Similarly, the estimated rate of consumption of the spilt grain by pink-footed

geese and greylag geese varied between areas. It was highest at Nesset in all years,

ranging between 28 and 42% of the total amount of spilt grain available in midSeptember; between 9 and 23% at Skogn, while only 1% was consumed by geese at
Egge in 2012 (Figure 8). The consumption by greylag geese more than doubled over the

three years in both Skogn and at Nesset, and at Nesset in 2013, greylag geese were
responsible for the consumption of 73% of the grain consumed after mid-September.
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Figure 8 Proportion of grain consumed by greylag geese, pink-footed geese at three study areas in mid-

Norway, Skogn (S), Nesset (N) and Egge (E) from mid-September-November, 2011-2013.

When hunting intensity was related to rate of consumption across years and sites

(n = 7), the locally weighted regression showed a negative relationship (Figure 9).

Figure 9 Relationship between goose consumptions rate (pink-footed goose and greylag goose summed)

and hunting intensity index at three study areas in mid-Norway, Skogn (S), Nesset (N) and Egge (E) from
mid-September-November, 2011-2013.

Discussion

In this paper we have assessed the possible influence of availability of food resources,

weather conditions, inter-specific competition and hunting intensity (as a measure of

possible disturbance) on abundance and distribution of pink-footed geese at an autumn

staging area in mid-Norway.
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Autumn staging geese in mid-Norway appear to have plentiful food resources in

terms of spilt grain in harvested cereal fields. Spilt grain densities are comparable to
conditions found in Denmark further south along the migration route (Madsen 2001).

When the geese leave the area for their southward migration, there are still substantial
amounts of spilt grain on the stubble fields although some fields were ploughed before

goose departure. Nevertheless, grain is a finite resource and could potentially be

exhausted, which would force the geese to leave the area, a pattern found in Denmark
(Madsen 2001). In areas with little hunting disturbance, pink-footed geese and greylag

geese almost completely deplete the available spilt grain resources and then move on to

other sites.

In this paper we showed that the presence of greylag geese prior to the arrival of

the pink-footed geese may locally cause a significant reduction in the resource

availability for the pink-footed geese. We also showed that substantial and increasing

numbers of greylag geese stay until late October and that they consume a considerable

proportion of the grain resources compared to pink-footed geese. Potentially, this

exploitation competition can force the pink-footed geese to leave the area; we have no

data to suggest that there is interference between the two species affecting the
occurrence of pink-footed geese; however, they often segregate, with pink-footed geese

flying further inland compared to greylag geese (G.H. Jensen et al unpubl. data),which

may be interpreted as an attempt by pink-footed geese to avoid concentrations of

greylag geese (Madsen 1985b). Nevertheless, our assessment suggests that at the

moment there is still a surplus amount of food available for geese in all three sites, with
a potential to host more geese than observed at present. However, if the greylag goose

population continues to increase in mid-Norway, this may be a future resource
challenge for the pink-footed geese.

It cannot be expected that geese will empty all available resources, because geese

keep a distance to physical landscape elements such as buildings, roads and forests,

certain parts of the fields will not be used by the geese. In terms of field sizes, the three

study areas do not differ (G.H. Jensen et al unpubl. data) and the differences in
consumption rates cannot be explained by physical properties of the landscapes.

In addition to the inter-species competition effect, weather and farming practises

may have an influence on food availability. The timing of harvesting and ploughing of

fields in mid-Norway is controlled by the weather, in terms of temperature and
precipitation. The autumn of 2012 was a relatively cold but dry year; the cold weather

resulted in a slow maturation of the grain, forcing farmers to postpone harvest; as a
result, fewer stubble fields were available for the geese to forage on arrival. Further

north of our study area as much as 80% of the fields were not harvested by the time of

arrival of pink-footed geese, and geese were observed to pass over the area (G.H. Jensen
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et al unpubl. data). In our study area the postponed harvest was not manifest in fewer
geese; on the contrary, high numbers of geese remained and they stayed for longer
compared to the other years; one explanation for this is that cereal fields were gradually

harvested in late September through early October, opening new foraging areas with
high food abundances.

Snow conditions did not affect the occurrence of geese in the main migration

period in September-October; only in one year (2012), snow caused an exodus of geese
in late October; otherwise, geese could stay on until late November.

As there was plenty of resources left when the geese had moved on and no

significant snow cover to reduce its availability, there were apparently other reasons for
the goose departure. The general farming activity is a source of disturbance for the
geese, but this is more or less evenly distributed over the whole staging period.

Moreover, local disturbance like harvesting or ploughing have been shown to cause only
local movements of geese (G. H. Jensen, unpublished data). Superior conditions, in terms

of food resources and/or less hunting disturbance, in Denmark, which is the next
staging site on the migration route of pink-footed geese further south, could be an

explanation for the early departure from mid-Norway. However, both grain densities

and hunting intensities in Denmark are comparable to the Norwegian situation, and
inter-specific competition may be even more pronounced in Denmark with increasing

numbers of greylag geese and barnacle geese Branta leucopsis overlapping in autumn
distribution (Madsen 2001; J. Madsen, unpublished data).

The hunting activity varied between the different areas and years, presumably

causing variable disturbance to the goose flocks in each area. From 2011-2013 a

hunting experiment was carried out at Nesset (G. H. Jensen et al., unpublished data),

with low hunting disturbance following an organised experimental design. Hence, only
one hunting team was out per hunting day, and there was always one hunting-free zone,

an area of more than two km2. With the exception of 2011, there was always a hunting-

free period after a hunting day. This is in contrast to Skogn in 2011-2012 and Egge,

where none, or only small areas, were hunting-free (less than 0.15 km2 per free area).

Here, several hunting teams were out per day and hunting took place on several
consecutive days. Our results from the experiments suggest that the reduced

disturbance level at Nesset in 2011-2012 resulted in geese staying at higher abundance

and for longer, expressed by the maximum length of stay for both 2011 and 2012 and
the mean length of stay in 2012. The geese also stayed at higher abundance and longer
at Nesset even through the food resources were more plentiful elsewhere, suggesting

that a reduced hunting pressure, providing more safe areas to feed in, are more
important than the total amount of food available as such. Similar conclusions were
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made by Madsen (2001), who examined the effect of diurnal regulation of goose
shooting on the behaviour and site use of geese in Denmark.

At Nesset, the hunting disturbance, expressed by the number of hunting trips,

was the same in 2011 and 2012, but in 2013 the number of geese shot and the
abundance of pink-footed geese were significantly lower. One explanation for the drop

in pink-footed goose numbers could be the large increase in the number of greylag

geese, hence increasing the competition for fields and food resources. At Skogn, the

opposite pattern was observed in 2013, suggesting that it was the reduced hunting

activity causing less disturbance to the geese which was the reason for more geese,
despite increasing numbers of greylag geese. One explanation can be that the Skogn

area is twice as big as Nesset, leaving more room for both species and potentially
reducing the competition for resources.

In Egge we only have goose data from 2012, but it supports the finding that an

intense hunting disturbance had a negative effect on goose abundance and led to an
early departure.

A very high proportion of geese were only observed once suggesting that many

birds stopped very briefly, either because they were motivated for moving on or
because they were disturbed, triggering them to depart. If the latter is the case, reducing
the levels of disturbance will potentially lead to an extension of the length of stay which
will have huge implications for the volume of birds staging, expressed in goose-days. We

have not performed a formal capture-mark-recapture analysis to estimate the true
length of stay and volume of birds passing through the area (Frederiksen et al 2001),

but our estimates are undoubtedly too low. Nevertheless, our observations show that

some birds may stay in the area for more than a month, indicating that there is a
potential for building up a local staging population of geese.

Collectively, our results suggest that geese depart from mid-Norway due to

disturbance caused by too intensive goose hunting. In case of the pink-footed geese, the
early departure is unlikely to have a fitness effects in terms starvation caused by limited
food resources further south in the wintering areas (Therkildsen and Madsen 2000;
Wisz et al 2008); hence, at least at the moment there is no conservation concern.
Implications for hunting management

During the last decade the hunting pressure on pink-footed geese in mid-Norway has

increased (Tombre et al 2009; Tombre et al 2011). The suggestion that that hunting

disturbance is the main reason for geese leaving the area heading southwards could

potentially have implication for fulfilling two of the objectives of the international
management plan for the population. Firstly, the plan recommends that levels of human
activity shall allow geese to stay as long as possible in areas where they do not cause
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conflicts with agriculture, in order to avoid that they are pushed to areas where

conflicts are likely to arise. For example, disturbance causing geese to depart from
Norway or Denmark in autumn may lead them to migrate to the Netherlands where

they cause damage to pastures before the last mowing in autumn (Madsen and Jepsen
1992). Secondly, one of the objectives is to regulate the harvest rate to reach a

population target at around 60,000 individual geese. At present, the population size of
the Svalbard pink-footed geese is above the target, and reducing the population through
hunting has been agreed among the four range states (Madsen & Williams 2012). The

implementation of the plan therefore, at present, calls for an increase in harvest in
Norway and Denmark, the two countries with an open season for pink-footed geese. In
mild winters, the geese may stay in Denmark the whole winter. As a new tool to reduce

the population, a prolonged hunting season (on land) has been established in Denmark,

thereby opening for hunting opportunities also in January. In Norway, on the other
hand, such initiatives are impossible to implement, as the geese leave the country well

before the hunting season is over. In order to increase the harvest, an increase in the
hunting intensity may not necessarily be the most efficient, because it may scare the

geese away from the area; however, local agreements to reduce the hunting intensity
may lead to less disturbance (G.H. Jensen et al unpubl. data), enabling geese to stay
longer in an area, as long as they are not forced to leave for other reasons such as
limited resources, snowfall or inter-specific competition. To fulfil the two above

objectives of the international management plan, we recommend that a better
organisation of hunting is implemented.
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Abstract
Over the last decades, many wild goose populations have increased significantly and are
now causing conflicts with agricultural interests as well as degrading tundra vegetation in

the Arctic regions. To mitigate such impacts of rapid population increases, population
control has been attempted, by hunting and increasing harvest rates. In this study we

investigated how autumn-staging pink-footed geese Anser brachyrhynchus responded to

hunting, with the objective of increasing the hunting bag through optimised hunting
practises. We found a significant increase in the distance between goose flocks and a
hunting site, from the day before a hunt to the following hours and the day after a hunt,

whereas there was no difference two and three days after a hunt. This applied to situations
with more than 10 shots fired per site, while geese showed no response in distance when

1-10 shots were fired. Distance to roost sites (up to four km) did not affect the time it took
geese to return to the hunting site. Neither did the time of migration (early and late), but

after a hunt in the early part the number of geese in the study area built up faster than in

the late part. The maximum number of geese shot per hunting event was obtained after
three days without hunting. Our results show that hunters can increase local harvest by
temporal and spatial optimisation of practises. These results may be used as a wider-scale

tool in regional and international processes to regulate the population size of pink-footed

geese, depending on the willingness to coordinate hunting practises among landowners,
hunters and managers.

Keywords: hunting organisation, hunting effects, disturbance, wildlife management,
pink-footed goose
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Introduction
During recent decades many Eurasian and North American wild goose populations have
increased significantly and are the cause of conflicts with agricultural interests, because
they converge on farmland for foraging (Madsen et al 1999; Bruggers et al 2002; Fox et al
2005). The foraging on waste crops as well as grass and winter cereals during dormancy in

autumn and winter is generally unproblematic; conflicts with agricultural interests arise
when geese forage on pastures and crops prior of harvesting, sprouting grass and winter

cereals or new-sown cereals (van Roomen and Madsen 1992). Some populations also cause
the degradation of vulnerable tundra vegetation and coastal marshes in Arctic regions due

to increasing grazing pressure (Ankney 1996; Jefferies et al. 2004a, b; Abraham et al. 2005;

Speed et al. 2009; Pedersen et al. 2013a, b). The observed population increases are partly

attributed to the protection and creation of widespread wildlife refuges (Madsen et al
1999; Jefferies et al 2004a; Abraham et al 2005). Simultaneously, geese have benefitted
from the intensification of agriculture throughout North America and Europe which has

provided alternative and more abundant food resources throughout the winter season
(Van Eerden et al 1996) and further fuelling population increases (Alisauskas et al 1988;

Therkildsen and Madsen 2000; Fox et al 2005). Additionally, in recent years, climate

change appears to be a driver for some population increases, especially for those breeding
in the Arctic (Madsen et al 2007; Jensen et al 2014).

The Svalbard breeding pink-footed geese Anser brachyrhynchus is one example of a

goose population, which has increased substantially in recent decades. The rapid increase

causes management challenges, in terms of crop damage and arctic tundra degradation

(Madsen and Williams 2012). The population has been selected as the first test case for

development of an international species management plan under the African-Eurasian
Waterbird Agreement (AEWA). The goal of the plan is to maintain the favourable

conservation status of the population, while taking into account economic and recreational

interests. To attain this goal, the management plan seeks to maintain a population size of
around 60,000 individuals through the optimisation of hunting regulations and practises
(Madsen and Williams 2012). At present, the population is above the target of 60,000 ( c.

80,000 during 2011-2013; Madsen et al 2014) and the harvest will have to increase in
order to reduce the population size (Johnson et al 2014). This may be achieved by

liberalisation of hunting regulations (e.g., extending season length) and by voluntarily

improved hunting practises.
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The aim of the present study was to investigate the response by pink-footed geese to

hunting, with the objective of optimising hunting practises to maximise the hunting bag,

based on evidence from controlled hunting experiments. Many studies on waterbirds have

investigated responses to hunting, but mainly focussing on the effects of human

disturbance from a site or species conservation perspective (Bell and Owen 1990; Madsen

and Fox 1995; Madsen 1998; Madsen 2001; Bregnballe et al 2004). Based on field studies,
restrictions on when and where hunting is allowed are normally recommended to reduce

disturbance to the target species. Intervals between hunting events may range from 1 day
apart to several weeks (Andersson 1977; Jettka 1986; Jakobsen 1988; Ziegler and Hanke

1988; Gerhard 1994), and spatial restrictions may be implemented by establishing distinct
hunting zones and refuge areas for the birds (Fox and Madsen 1997; Madsen 1998). The

evidence from the disturbance studies can be turned around and used to design optimal
hunting management with the aim to increase the harvest, i.e. when do geese return to a

hunting site so a new hunt can be conducted. From the above studies, however, it is also
clear that bird responses to hunting vary between species and locations. In order to be able
to determine and implement optimal hunting practises, local and targeted studies are
therefore needed.

In a study on greylag geese Anser anser, behavioural responses to hunting, occurring

on a single day at intervals of one, two or three weeks, were measured (Bregnballe and

Madsen 2004). Neither the overall goose numbers, nor the probability of returning to the
hunting site, were lower when the intervals between hunting were extended. To examine
goose responses to a higher hunting intensity, the intervals between hunting events were

reduced in the present study. The response to a hunting event was measured in terms of

goose distribution and number of geese harvested. The goose distribution was quantified
the day before a hunt and 0-3 days after. This was done for areas closer and more distant to

the roosting sites, for the early and late part of the migratory season and for hunting events
with different number of shots fired. The response in hunting bag was quantified during

the first day of hunting, during the second day of hunting for two consecutive days and
when there were an extended number of days between each hunt.

A site used by pink-footed geese is characterised by a night roost, which is usually a

lake, a sheltered bay or tidal mudflats that provide safety against mammalian predators
and human disturbance, and an adjacent open landscapes, where they can forage during

daytime. Most goose hunting takes place in the fields used by geese during the day, for

foraging, or alternatively adjacent to the roost sites when geese fly over on their way to or
from the foraging areas at daytime. Amongst local hunters it is known that goose flocks are
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likely to revisit good foraging fields during consecutive days unless they are disturbed (O.

M. Gundersen pers. comm.). Hence, hunters can plan where to go hunting the next morning
by observing the daily position of goose flocks. For this reason we predict that before a

hunt, geese will be closer to the hunting site than in the following hours and days after a

hunt. We also assume that geese will learn from experiencing hunting (i.e. disturbance) at a
site, and predict that geese will return later to a hunting site when two consecutive hunting

days are conducted compared to only one day of hunting. In terms of the hunting bag, we

hypothesise that more geese will be harvested during the first day of hunting compared to

the subsequent day, as geese will not have returned to the hunting site, and that there is a
positive relationship between the number of hunting free days and the harvest rate (up to a
threshold).

To save energy, geese forage in close vicinity to roosting sites (Owen et al 1987;

Vickery and Gill 1999; Jensen et al 2008; Si et al 2011; Patterson 2013). Hence, where geese

have experienced hunting disturbance, the distance between roosting and hunting sites can
potentially influence when they return to the site. We hypothesise that geese will return

faster to nearby foraging sites than to those more distant from roosting sites. At the

beginning of the migratory season, there is a high turnover rate of individual geese at
staging sites (G.H. Jensen et al unpubl. data), and newly arrived geese will have no

experience of local hunting. We therefore hypothesise that hunting in the beginning of the

migratory season will have less effect on goose occurrence than later in the season. Finally,
we wanted to test whether the intensity of hunting influences goose distribution. Our
hypothesis is that hunting will have less effect, when few shots were fired compared to
events where many shots were fired.

Material and Methods
Study population

The Svalbard breeding population of pink-footed geese leaves its breeding areas in mid-

September towards their wintering grounds in Denmark, Belgium and the Netherlands.

During migration, the geese stop primarily in two regions; in the Trondheimsfjord area in

Nord-Trøndelag County in mid-Norway and along the west coast of Jutland in Denmark

(Madsen et al. 1999). Both regions are goose hunting areas, where 2,600 and 8,600 pinkfooted geese are shot each year, respectively (average for 2010-2013) (Johnson et al 2014).

Pink-footed geese have an open hunting season in Norway from 10 August to 23 December,
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and in Denmark from 1 September to 31 December (on land). The species is protected in
the Netherlands and Belgium.

Study areas and the hunting experiment
The study was carried out in Nord-Trøndelag in mid-Norway, the first stopover site for
pink-footed geese on their autumn migration. Around 80% of pink-footed geese reported
shot in Norway are harvested in the Nord-Trøndelag County (Statistics Norway,
http://www.ssb.no).

The study area encompassed the peninsula of Nesset, Levanger municipality. The

peninsula consists of mixed farmland area covering approximately 10 km2 that, in autumn,

is mainly covered by stubble and potato fields. Until 2011 goose hunting was rented out
and administered through the local landowner association. There were no restrictions on

hunting intensity except for an agreement of one shooting-free day per week and no

organisation of shooting existed between groups of hunters. Goose hunting could be rented
on a daily, weekly or seasonal basis. In 2011-2013, an agreement with the landowners at

Nesset was adopted and our research group rented the goose hunting for experimental

purposes. A local hunting team was engaged to follow the predefined study design of
hunting activity in the study area. Based on the objective to maximise goose harvest, the

hunting experiment was designed based on hypotheses in relation to hunting activity, both
spatially and temporally.

The hunting experiment was designed with a spatial and temporal structure. The

spatial structure in 2011 consisted of three hunting zones (1-3), a refuge zone and one zone

reserved to practise hunting for inexperienced hunters (Figure 1a). The spatial structure

for 2012 and 2013 consisted of two zones, south and north of the peninsular, as these areas
seemed to represent two independent hunting areas, where hunting in one area did not
negatively affect goose numbers in the other area. In addition, they represented one area
adjacent to (hereafter referred to as ‘South’) and one further away (hereafter referred to as

‘North’) from the roost sites (Figure 1b). To allow comparisons between years, and because

the refuge area in 2011 did not have the intended effect of attracting geese, the data in
2011 was reanalysed as if there were only two zones as implemented in 2012 and 2013;

zones 2 and 3 became North and zone 1, the refuge and practise areas became South. The

hunting team consisted of two to four hunters, who would hunt as a single unit. The team

could choose to hunt from anywhere in the zone on a particular day. When a position had
been chosen, based on goose sightings / distribution the previous day, the hunting team
would occupy a fixed position in a field between 04:00 and 11:00 hours. The hunters used

decoys to allure flocks of geese to settle on the field when they flew in from their roosting
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sites early in the morning. The hunting team would position themselves, grouped together,

in an open stubble field, shooting from blinds and camouflaged by straw a few meters away
from each other. Only one hunting team was out per hunting day in the study area; hence

there was always one hunting-free zone. In 2011, hunting alternated between one and two
consecutive days followed by one to eight hunting-free days. In 2012, hunting was never
conducted two days in a row, but every second day, alternating between North and South

giving a hunting free period of three days per zone. This practise was continued until a
drop in goose numbers was registered. Thereafter the number of hunting free days was

doubled giving four day intervals alternating between the two zones. In reality, however,

the geese stopped using South after a couple of weeks and no further hunting was

conducted here in 2012. In 2013, hunting was intensified in North and conducted every
second day, whereas it was less intense in South (hunting only every five to six day).

Figure 1 Spatial hunting organisation at Nesset in mid-Norway in a) 2011, b) 2012 and 2013. Shaded areas
represent refuge and hunting practise areas, cross mark roost sites.

To assess goose abundance and distribution in response to the experimental

hunting, flocks of pink-footed geese were counted and their positions in the fields were

mapped and coordinates were established in ArcGIS for each flock. For all years, surveys
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were systematically conducted on a daily basis between 08:00-18:00 hours. The survey

period ranged from 17 September to 3 November in 2011, 18 September to 24 October in

2012 and 16 September to 24 October in 2013. The goose registrations started from the

first arriving pink-footed goose until most of them had departed the area. Hunting data was

collected directly from the hunters during the same period as the goose counts, and
consisted of hunting date, location (GPS position), number of geese shot and number of

shots fired. In addition to the overall analyses, the data was divided between the North and

South, since these represent areas with different distances to the roost sites. Moreover, the
data was also separated in to an early (<6 October) and late season (>5 October), since we

predicted that goose responses to hunting activity in these periods to be different, due to

the higher turnover of newly arriving geese early in the migration season. We also analysed
the data in relation to the number of shots fired per hunting event, divided into few (1-10)

and many (>10) (Table 1). We expected that more shots fired would cause greater
disturbance than fewer shots and hence influence goose distribution differently.

Table 1 Hunting data from Nesset in mid-Norway, 2011-2013, in terms of number of pink-footed geese shot,

number of shots used, and number of hunting events (divided into days with 1-10 and more than 10 shots
fired per hunt) in early/late season and north/south area.
Geese shot

Early (< 6 October)

Total

438
218

Late (> 5 October)

220

North
South

Late (> 5 October)

459

Hunts

39

Early (< 6 October)

18

Late (> 5 October)

21

North
South

109

203
116

82

21

121

116

143

270
211

59
14

7
7

10

28

9

11

> 10 shots fired

73

22
17

1-10 shots fired

87

73

154

481

South

60

133

471
469

North

2013

112

940

Early (< 6 October)

2012

229
209

Shot used

2011

4
5

102

29
35
67

351

319

153

117

208
198

13

6
7
7
6
3
9

109
210
202

12

5
7
5
7
3
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Statistical analysis
We used analysis of variance (ANOVA) to compare distances from nearest goose flock to
the most recent hunting site. The distance was calculated for each hunt, the day before the

hunt (day -1) and each of the subsequent days 0-3, respectively (0: few hour after the hunt;

1-3: one to three days after a hunt). Day -1 to 3 is the range of days with sufficient data to
provide statistically reliable results. When significant variation was found between days, a
Tukey HSD (honestly significant difference) post-hoc test was used to identify which days
differed from each other.

To look for a possible trend and threshold in the number of geese shot per hunt for

increasing number of hunting free days before a hunt, we used a locally weighted

polynomial regression (Cleveland 1979).

Results

Goose numbers
The number of pink-footed geese in the study area varied greatly between years and days

(Figure 2). The highest daily number recorded was 6,904 pink-footed geese on 4 October
2011, while the highest yearly cumulative number was 116,071 in 2012. During all three

years, pink-footed geese started to arrive by mid-September with the number of geese
peaking in early October, whereas the departure time varied greatly. In 2011 the majority
of geese left Nesset within a week, after the peak in goose numbers. However a number of

flocks, of more than 1500 geese, appeared for short periods from late October to early
November. In 2012, the geese stayed until late October, when a heavy snowstorm forced
most of them to leave. In 2013, the daily number of geese never exceeded more than 2,610
and after 17 October less than 500 geese remained (Figure 2).
Goose harvest

The number of pink-footed geese shot varied not only between years but also on a daily
basis (Figure 2). There was little variation in the number of geese shot between the early

and late seasons, and between North and South (Table 1). The year with the highest

amount of geese shot was 2012 with 203 harvested geese, and the maximum shot on a
single day was 68 geese on 1 October (Figure 2).
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Figure 2 Number of pink-footed geese observed (black lines) and shot per day (grey columns) during 16
September to 3 November at Nesset in mid-Norway in a) 2011, b) 2012 and c) 2013.

Goose responses to hunting

There was a significant variation in distance, from goose flocks to the most recent hunting
site, between days (F4, 608 = 5.706, P < 0.01). Further the post-hoc test showed significant

variation between day -1 (day before hunting event) and day 0 (day of first hunting event),

and day -1 and day 1 (one day after hunting event) (P < 0.01, Figure 3). When hunting was
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performed on two consecutive days, the distance varied significantly as well (F3, 86 = 3.828,
P < 0.02, Figure 4). However, there was no significant difference between day -1 and day 0,
and day -1 and 1, only between day -1 and day 2 (P < 0.01).

Figure 3 Effect of single hunting days on the local

Figure 4 Effect of two consecutive hunting days on

(km) from hunting site to goose flocks the day before

distance (km) from hunting site to goose flocks the

distribution of pink-footed goose flocks at Nesset in

mid-Norway, 2011-2013, expressed by the distance

hunting (-1), the day of hunting (0) and 1-3 days after

hunting (1-3). Vertical lines represent minimum and

maximum, boxes are interquartile ranges, horizontal

lines medians and open dots outliers. Labels (A, B)
show whether there is a significant difference

(different letters) in median distance or not (same
letters).

the local distribution of pink-footed goose flocks at
Nesset in mid-Norway, 2011, expressed by the

day before hunting (-1), the first hunting day (0), the
second hunting day (0,2), the first day after two

hunts in a row (1,2) and the second day after two

consecutive hunting days (2,2). Vertical lines
represent minimum and maximum, boxes are
interquartile ranges, horizontal lines medians and

open dots outliers. Labels (A, B) show whether there
is a significant difference (different letters) in median
distance or not (same letters).

When we analysed the data with respect to the two zones, South (close to the roost

sites) and North (roost sites more distant), the distance from goose flocks to the last
hunting site varied significantly between days for both areas (South: F4,

0.01; North: F4,

464

354

= 4.829, P <

= 5225, P < 0.01). The post-hoc test for South yielded significant

variation between day -1 and day 0, day -1 and 1, and day -1 and day 3 (P < 0.01), whereas

for North the test yielded significant variation between day -1 and day 0, and day -1 and
day 1 (P < 0.01) (Figure 5).
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Figure 5 Effect of single hunting days on the local distribution of pink-footed goose flocks at Nesset in mid-

Norway, 2011-2013, expressed by the distance (km) from hunting site to goose flocks the day before hunting

(-1), on the day of hunting (0) and 1-3 days after hunting (1-3), in a) an area close to the roost (south) and b)

an area further away from the roost (north). Vertical lines represent minimum and maximum, boxes are
interquartile ranges, horizontal lines medians open dots are outliers. Labels (A, B) show whether there is a
significant difference (different letters) in median distance or not (same letters).

During the early season (< 6 October) we found an increase in the number of geese

on days after a hunt relative to the number of geese the day before a hunt, whereas in the

late season there was a decrease in the number of geese after a hunt (Figure 6). For both
early and late season, the distance between the goose flocks and the hunting site varied

significantly between the days before and after hunting (early: F4, 327 = 4.001, P < 0.01; late:
F4, 276 = 3.067, P < 0.01) and the post-hoc test yielded significant values between day -1 and

day 1 (P < 0.01) for both early and late season.

Figure 6 Average relative numbers of pink-footed geese

staging at Nesset in mid-Norway, 2011-2013, the day before
a hunt (-1; set to 100%), on the day of hunting (0) and 1-3
days after hunting (1-3), for early (dots) and late
hunting/migratory season (crosses).
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When dividing the data into hunting events with few and many shots fired, the

distance from goose flocks to the last hunt did not vary significantly between days for cases

with few shots fired (P > 0.1), but varied significantly for cases with many shots fired (F4,468

= 3.448, P < 0.01, Figure 7). A post-hoc test for cases with many shots fired yielded
significant variation between day -1 and day 0, and day -1 and 1 (P < 0.01).

Figure 7 Effect of single hunting days on the local distribution of pink-footed goose flocks at Nesset in mid-

Norway, 2011-2013, expressed by the distance (km) from hunting site to goose flocks the day before hunting

(-1), on the day of hunting (0) and 1-3 days after hunting (1-3), for hunting days with a) few shots used (1-10)

and b) many shots used (>10). Vertical lines represent minimum and maximum, boxes are interquartile
ranges, horizontal lines medians and open dots outliers. Labels (A, B) show whether there is a significant

difference (different letters) in median distance or not (same letters).

To estimate the distance at which hunting events affected goose distribution away

from the hunting site, we plotted the cumulative number of pink-footed geese observed
between 0 and 4000 m from the hunting site (grouped in 250 m intervals up to 2250 m,

with all goose observations between 2250-4000 grouped as >2250) on the day before and

the day after hunting. There was a highly significant difference in the distribution of geese
the day before hunting compared to the day after hunting (χ2 =31148, df = 9, P < 0.01). The

day before hunting 56% of the observed geese were positioned within 750 m from the

hunting site used the following morning, whereas only 21% were observed within this
distance the day after a hunt. The day after hunting 62% of the observed geese were
located more than 1750 m from the hunting site, compared to 26% the day before the hunt
(Figure 8).
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Figure 8 Cumulative numbers of pink-footed geese observed between 0 and 4000 m from the hunting site

(grouped in 250 m intervals up to 2250 m, hereafter as one group) for a) the day before hunting and b) the
day after hunting.

Response in harvest
In 2011, we had three episodes of two consecutive hunting days in the same zone (all from

the northern area and the early season; 20-21 September, 27-28 September and 5-6
October). During the consecutive hunts, the hunters shot respectively 6, 43 and 11 geese
during the first day and 0, 3 and 32 geese during the second day.

Overall, the locally weighted regression showed an increase in the number of geese

shot per hunt, when the number of hunting free days before the hunt increased, up to a
threshold of three hunting free days (Figure 9).

Figure 9 Trend in number of pink-footed geese shot per
hunt with 0-7 hunting free days between hunting events
at Nesset in mid-Norway, 2011-2013.
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Discussion
The experimental design
The design of the hunting experiment was constrained by a number of factors. Due to

spatial restrictions we could not conduct completely independent trials of goose responses

to various hunting scenarios. However, we attempted to make the zones as wide as

possible in order to avoid geese in the core of one zone could be affected by hunting in a

neighbouring zone. Moreover, the goose hunting season in Norway runs over a limited time
period, due to the short period geese are stopping in the area during migration southwards.

Hence, the number of replications is limited. The experimental hunt was conducted in three
seasons, so it was also difficult to control for year-effects in, for example, migration pattern
(numbers of birds arriving at the area) and food abundance. Nevertheless, we did not

expect that the absolute numbers of geese would influence their distribution in relation to

hunting activity. Likewise, from detailed field status monitoring and counts of waste grain

densities in the stubble fields, we have documented that food is still abundant when the

geese depart the area (G.H. Jensen et al unpubl. data). As the food appeared to be plentiful
in all years, we therefore expect that the variability in food availability is not the main
factor determining field use in relation to the hunting activity. A strong aspect of the

conducted field experiment is the relatively high number of replicates. Moreover, we had
full control of the hunting intensity with continuous information about the harvest
(hunting date, location, number of geese shot and number of shots fired) and goose

distribution. In addition, because of the geographically bounded peninsula, disturbance
from hunting and other human activities from neighbouring areas was avoided.

Furthermore, the site represented an area big enough to meet the demands of large goose

flocks for roosting and foraging and it is representative of sites used by pink-footed geese

in mid-Norway during autumn.

In terms of statistical analysis, we did not perform a regression analysis for several

reasons. Due to limited data, it was not possible to investigate effects from interaction;

hence additional knowledge from a regression analysis compared to existing analysis is
limited. In addition, the data is greatly overdispersed, hence ecological inference can be
difficult and the regression can often lead to unreliable results (Anderson et al 1994).
Responses

The main findings from this study are that geese moved away from hunting sites during the

day of hunting and the first day after, but started to return on the second day. This was

pronounced for hunting events with more than 10 shots fired, while the geese showed no
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response in distance when only few shots (1-10) were fired. The geese did not return
earlier to areas close to the roosting site compared to areas further away (up to four km).

Neither did they return faster to the hunting site in the early phase of the migration
compared to late in the season. The number of geese, however, built up faster in the early

phase of migration compared to late in the season. For two consecutive hunting days, the
results are not as clear. In terms of harvest, however, there was a positive relationship
between the number of hunting free days and the number of geese shot up to a threshold of
three days (after a hunting event at any given hunting site). These findings suggest that

more geese will be harvested on the first day of hunting and that there is a negative effect if
hunting is also performed the day after.

Our study shows that geese are closer to a hunting site the day before hunting, than

in the following hours and the first day after hunting. This is contrary to the study by

Bregnballe and Madsen (2004), who found that greylag goose numbers were not

significantly reduced on the first or second day after a hunting event. These differences

could be caused by interspecific differences in disturbance tolerance, and Madsen (2001)
also suggested that pink-footed geese are less tolerant to disturbance than greylag geese.

In this study the majority of pink-footed geese moved from being within 750 m from

the hunting site the day before hunting, to more than 1750 m from the hunting site the first

day after hunting. For local organisation of hunting this means that hunting teams will

benefit from coordinating their hunting practises with other teams, by considering their

spatial location in relation to previous day’s hunting events. Even though we do not have

direct observational evidence from effects of two teams hunting at the same time, our data
suggests that teams should stay approximately three km apart to avoid mutual disturbance.

From a site conservation perspective this also suggests that hunting, e.g. along borders of

refuge areas, will cause a disturbance of geese affecting their distribution up to a distance

of c. 1.5 – 2 km.

This study did not find that proximity to roost site is crucial for goose abundance,

which is suggested by Jensen et al. (2008) in a study during spring migration from the same

area as the present. The lack of differences between North and South might be that four km

is a relative short distance for geese to move on a daily basis and distance to roosts may be
significant on larger scale. Vickery et al. (1997) and Owen et al. (1987) found that pink-

footed geese foraged on fields 5-10 km from their roosts but it has also been shown that

flocks can forage up to 32 km inland (Boyd 1953; Owen et al 1986). It remains to be tested
if geese respond differently to hunting at such long distances where energetic costs

associated with flight back and forth to the roost is higher. Field size and distance to
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physical elements like buildings, roads etc. are other factors which are known to affect the

distribution of geese (Vickery and Gill 1999; Jensen et al 2008) and, hence, possibly also the
time it takes to return to a given site after disturbance, in this case hunting. The

experiments in the present paper were not designed to evaluate the potential effects of a
range of different environmental variables, but the hunting zones were selected in order to

cover large-sized fields with suitable habitat (stubble fields). Accordingly, we expect that

differences in field sizes and other physical factors were not likely to have affected the use
of zones by the geese.

During the first couple of weeks (late September-early October), many new geese

arrived to the study area but stayed for a short time only (more than 85% only one day),

while geese arriving later stayed for up to several weeks (based on resightings of

individually marked birds; G.H. Jensen pers. observation). For this reason, we expected
hunting in the beginning of the migratory season to have less effect on goose distribution

than later in the season. Regardless of the time of season, however, the geese appeared to
respond similarly to hunting in terms of distances between goose flocks and a hunting site.

This may be because of the flocking behaviour of geese, whereby unexperienced

newcomers will follow more experienced individuals. Nevertheless, corresponding to the

timing of arrival and departure at the study site, the goose numbers built up faster after a
hunt in the early phase of the migration compared to late in the season.

In a study by Bregnballe and Madsen (2004), there were no differences in goose

response in relation to the number of shots fired. In their study, the majority of waterfowl
abandoned the area immediately after the first shot. In the present study we do not have

direct observations of goose behaviour during the hunting event, but we do have measures
of the distance from a hunting site to goose flocks the day before and 0-3 days after a

hunting event. This gives us the resulting effect of hunting on goose distribution after a
hunting event, instead of the immediate and behavioural effect of hunting. By using this

method, we see a difference in goose response in relation to the number of shots fired. In
our experiment, however, the lack of response to few shots fired could be because the

hunters were far away from the main goose flocks (the distance to goose flocks day -1 was

>1.5 km; Figure 7a). This could indicate that most of the geese did not take any notice of the

hunting. Regardless of explanations, these results demonstrate that the hunters will benefit

from searching for large goose flocks and place themselves as close as possible to this
location the following day for hunting.

Our few cases with hunting on two consecutive days suggest a cumulative

distributional effect for consecutive hunting days than the single hunting day events, but
118

Chapter 5. Hunting practises

the harvest data give ambiguous results. However, in 2011, the hunting team cancelled
some of the second day’s hunting because there were no geese in the area, suggesting that

the expected bag would have been very low. Therefore, we judge that two consecutive
hunting days will result in longer response time and reduced bags. Other studies have also

shown that local waterbird abundance declined during consecutive days of hunting
(Jakobsen 1988; Meltofte 1994).

The finding that the number of geese shot was reduced on the two days after a

hunting event corresponds roughly with the goose distributional response showing that
after 2-3 days they will be back again to where they were before the hunting event.

Variations in the hunting bag response was also probably influenced by the high between
year variation in goose abundance, and hence the availability.
Conclusions

The results of this study provide useful information in support for the international species
management plan for the Svalbard population of pink-footed geese, a plan which seeks to

maintain a population size of around 60,000 geese by means of harvest regulation (Madsen
& Williams 2012). At present, the population is above the target of 60,000 (c. 80,000 during

2011-2013; Madsen et al. 2014); and the harvest will have to increase in order to reduce

the population size (Johnson et al. 2014). Our results show that hunters can optimise their

practises to increase local harvest by temporal and spatial means. Firstly, hunting events
should be separated by approximately three days both in order to shoot more geese and for

letting the geese return to the hunting fields. Hence, we do not recommend hunting on two

consecutive days. Moreover, there is a higher chance of encountering newly arriving, and

unexperienced, flocks early in the season, so the highest hunting intensity should take place

at that time. Secondly, hunters will benefit from coordinating their hunting events with

neighbouring hunters, staying approximately three km apart if shooting on the same day.

When possible, hunters should position themselves as close as possible to the goose flocks

observed the day before a hunt. It makes no difference, however, if the hunters place
themselves closer or further from to the roost, as long as they are at least within four km
from the roost site.

It should be borne in mind, in terms of optimal hunting practises, that these results

only apply to situations where only morning hunts are performed, by one hunting team in
the hunting area and with an adjacent hunting free area. The response by geese is likely to

be species-specific and dependent on local environmental factors. Nonetheless, in terms of
improved goose hunting, we believe that goose hunters in general will benefit from our

findings and suggested recommendations. The change in practise is a voluntary decision to
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be made by the hunters; the wider application of the recommendations to regional levels,

and hence the fulfilment of the objectives of the flyway management plan, will therefore

depend on the willingness of hunters, landowners and managers to collaborate in order to
coordinate the hunting practise.
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Abstract
Landscape ecology can be a useful tool in an effective conservation and management

planning, as it allows scientist and managers to identify areas of interest and integrate
use and protection across the landscape. Over the last decades, many wild goose

populations have increased significantly and are now causing conflicts with

socioeconomic and biological interests. To mitigate such impacts of rapid population

increases, population control has been attempted by increasing harvest rate. In this
study we seek to guide the design of a regional scale goose hunting organisation in

mixed agricultural landscapes by identifying areas suitable for hunting, with high
probability of occurrence of pink-footed geese and/or a short return time by geese to

fields subject to hunting. Using a species distribution model we predicted that the

highest probability of goose occurrence exists for large fields, away from small roads

and near water bodies serving as safe roosting sites. Additionally, return time was
predicted to be shortest for large fields near roosting sites and away from big roads. A

combined map of goose occurrence and return time showed similar prediction for high
goose occurrence and short return time; hence areas most suitable for hunting are

relatively large fields, close to roost sites and away from roads. If hunters and

landowners are willing to coordinate the goose hunting at a landscape level, they can
use the prediction maps as guidance, with the likely benefit that they collectively can

shoot more geese. Such local and regional organisation can become a powerful tool for
co-management in the harvest management of geese.

Keywords: disturbance, harvest, management, pink-footed goose, species
distribution model, stopover
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Introduction
An increasing proportion of land surface areas are used for agricultural production,

which is often accompanied with intensive management through irrigation and the

application of fertilisers and pesticides. The cost is, among others, a decrease in many
natural habitats used by birds and reduced wildlife value (Tilman et al 2001). To
mitigate the declining trend of many birds, interdisciplinary study of landscape ecology

may be used for linking ecological processes and spatial patterns influenced by humans.

Knowledge gained from landscape ecology may facilitate an effective conservation

planning, as it can identify areas of interest and integrate the use and protection across
the landscape (Hansson and Angelstam 1991; Dunning 1995; Sanderson et al 2002;

Morris 2003). Currently, the focus in landscape ecology has been on wildlife populations

of conservation concern, whereas it has more rarely been applied to abundant or
increasing wildlife populations that may conflict with landscape use by humans
(Hansson and Angelstam 1991; Sanderson et al 2002).

The majority of goose populations breeding or wintering in Western Europe have

increased considerably in numbers during recent decades (Madsen et al 1999; Fox et al
2010). Opposite to many bird species, geese have benefitted from the efficiency in

agricultural practises and have now almost completely shifted to forage on agricultural

lands during the wintering period (Van Eerden et al 1996). As a consequence of

improved agricultural food conditions, the creation of refuge areas, a decreased hunting

pressure and climate change effects, most of the populations continue to increase
(Ebbinge 1991; Kery et al 2006; Jensen et al 2014). This has led to escalating conflicts

with agricultural interests (van Roomen and Madsen 1992; Bruggers et al 2002;
Tombre et al 2013).

For example, the Svalbard breeding pink-footed geese Anser brachyrhynchus,

wintering in Norway, Denmark, the Netherlands and Belgium, has increased

substantially in recent decades. From 1990 to 2010, the population increased from

around 30,000 to 80,000 and constitutes now a management challenge (Madsen and

Williams 2012). Accordingly, the population has been selected as the first test case for
development of an international species management plan under the African-Eurasian

Waterbird Agreement (AEWA). The goal of the plan is to maintain the favourable

conservation status of the population, while taking into account economic and
recreational interest. To attain this goal, the management plan seeks to maintain a

population size of around 60,000 individuals through optimisation of recreational
hunting which is currently allowed in two of the range states: Norway and Denmark
(Madsen and Williams 2012).
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In order to regulate the population, the harvest rate must increase as the

population is above its target (Johnson et al 2014). This can be achieved by liberalising
hunting regulations, such as extending the hunting season or areas. The effectiveness of

current hunting practises may also increase by an optimal use of decoys, the number of
hunting teams, the hunting intensity, and/or the distribution of hunters in the
landscape. The key is to reduce the level of disturbance preventing the geese to abandon

the area and thereby jeopardising the chances of harvest success. While some

information exists on how to optimise temporal hunting structure (Bregnballe and
Madsen 2004; G.H. Jensen et al unpubl. data), to our knowledge there are no studies

documenting how to optimise the spatial hunting structure at the landscape level.
Importantly, large-scale hunting organisation may conflict with favourable goose

foraging areas so that hunting of a few individuals may cause undesired disturbance and

negatively affect a large proportion of the entire population. Indeed, hunting in an area
may cause a temporary abandonment by geese (Bregnballe & Madsen 2004). By

identifying conflict between hunting and feeding areas for geese, it will be possible to
optimise the spatial hunting organisation, mitigate the disturbance from hunters,

increase the number of harvested geese and thereby contribute to regulate the
population to meet overall management objectives.

In this study we use prediction of goose landscape use to investigate the potential

of a large-scale spatial hunting organisation. We used records of pink-footed goose

occurrence while staging at their first stopover site during autumn migration in mid-

Norway, and employed a modelling approach that relates pattern of goose occurrence

with environmental variables, hypothesised to explain landscape selection.

Material and Methods

Study population and area
The Svalbard breeding population of pink-footed geese departs Svalbard in mid-

September towards their wintering grounds in Denmark, Belgium and the Netherlands.
During migration pink-footed geese make a stopover in mid-Norway, the first and most

important stopover site for pink-footed geese on their autumn migration (Madsen et al
1999). This study was carried out during 2011-2013 in the County of Nord-Trøndelag in

mid-Norway. Data was collected for the entire autumn stopover period and every field

at two local sites; Skogn and Nesset in Levanger Municipality, covering approximately
35 km2 and 10 km2, which both represent important goose staging and hunting areas.

The local data was used to evaluate the regional models built for unsurveyed areas in
Nord-Trøndelag.
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The pink-footed geese arrive in Nord-Trøndelag in mid-September and stay until

November depending on a combination of food availability, levels of disturbance and
timing of snow fall (G.H. Jensen et al unpubl. data). Nord-Trøndelag County is semi

mountainous and the lowlands along Trondheimsfjorden are characterised by a mosaic
of agricultural fields, mainly cereal fields, grass fields, potato and carrot fields, where

geese can forage. The sheltered bays of Trondheimsfjorden as well as numerous lakes
and rivers provide roosting areas for the geese.

In Norway pink-footed geese have an open hunting season from 10 August to 23

December and in Denmark from 1 September to 31 December (on land). The species is
protected in the Netherlands and Belgium. Around 80% of pink-footed geese reported

shot in Norway are harvested in the Nord-Trøndelag County (Statistics Norway,

http://www.ssb.no). At Skogn hunting is performed on private properties, and the
landowners can decide for themselves how to arrange the hunting activities as long as it
follows the general regulations set by the national environmental authority (Tombre et

al 2009). In 2011 and 2012, hunting was open to individual agreements between

landowners and hunters, whereas in 2013 the hunting was organised and restricted to
six hunting parties, each controlling part of the area. Hunting was further restricted to a

maximum of two hunting days per week and unit. At Nesset, hunting has been

administrated through the local landowner association until 2011, but there have been
no restrictions to the hunting intensity and no organisation of shooting existed between
groups of hunters, except for an agreement about one shooting-free day per week.

During 2011-2013, the hunting was organised through a research project aiming
towards investigating optimal organisation of local goose hunting (Jensen et al 2012).
Goose and hunting data

To assess probability of occurrence of pink-footed geese and distribution, flocks of pinkfooted geese were counted and their positions in the fields were mapped during the

autumn-staging seasons in 2011-2013. For all years, counts were conducted on a daily
and systematic basis, from 17 September to 3 November in 2011, from 18 September to

24 October in 2012 and from 16 September to 24 October in 2013, matching the goose
staging period at this study site. To assess the influence of environmental variables,
average, sum and maximum number of geese were used for all fields at Nesset and
Skogn. The goose abundance estimates ranged from 0-5,000 for maximum number of
geese observed per field, 0-2,900 for average number of geese observed per field and 0-

38,488 for the sum of geese observed per field. As the hunting intensity at Nesset during

the study period has been lower than usual and compared to other areas, the goose

abundance dataset was transformed to a probability of occurrence dataset, to avoid
potential bias from the different hunting regimes at Nesset and Skogn (Appendix A).
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The hunting data consisted of hunting date and location, which was used to

calculate the number of days from a hunting event until geese were observed on the
field again; hereafter referred to as “return time”. The return time ranged from 1-39

days. At Skogn in 2011 and 2012 the hunting data was derived from the webpage
www.gasejakt.no, however for these two years we do not have data from hunts
performed by landowners in the Skogn area. In terms of calculating return time, we

assumed that landowners did not hunt unless they had observed geese on one of their

fields, which is a reasonable assumption based on communication with landowners.

Hence, since surveys of geese were done for the entire area every day, landowners

would never hunt between a registered hunt and the first observation of geese on a
giving field. In 2013, the data was either collected through a private Facebook group or
directly from the hunters. From Nesset, the hunting data was collected from the hunters

in the research project. To assess the influence of our environmental variables on the
return time, the estimated return time for all possible fields within Nesset and Skogn

was used. Since hunting is not conducted on all fields, the data is limited to those fields
where hunting has been conducted. When several hunts have been performed on the
same field, an average of return time was used.

In order to explore the spatial variation in areas with high goose probability

combined with a short return time, a combined map of probability of occurrence of

pink-footed geese and return time was produced by multiplying the two variables.
Environmental variables

Goose abundance and distribution may be influenced by predation risk or disturbance

(Madsen 1995; Vickery and Gill 1999; Jonker et al 2010; Chudzinska et al 2013), and as

a response geese tend to congregate on larger fields (Amano et al 2006; Jensen et al
2008; Rosin et al 2012). As our study is conducted during the hunting season, we expect

geese to be sensitive to disturbance, and field size to be an important explanatory

variable. Human infrastructures such as roads, railroads and buildings, as well as
hedgerows and woodlands, are associated with perceived predation risk (Madsen
1985a; Keller 1991; Gill 1996; Rosin et al 2012) and the probability of goose occurrence

is expected to be related to distance to these elements. The road variable is categorised
in distances to small and big roads, as we expect small roads to have a larger effect due

to unpredictable and irregular traffic, whereas birds are believed to habituate more

easily to a frequent and directional disturbance such as densely trafficked roads (Rees

et al 2005). Energy use related to flight searching for suitable foraging fields is likewise

expected to affect goose abundance and distribution. Most migratory geese congregate
at roosting areas during night and some periods of the day, and to save energy, they

forage in adjacent open landscapes (Owen et al 1987; Vickery and Gill 1999; Jensen et al
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2008; Si et al 2011; Patterson 2013). Therefore, we expect that the highest probability

of occurrence of geese is inversely related to the distance to roost sites. Finally, a

common strategy for migratory geese is to build up and maintain sufficient nutritional
reserves by intensive foraging on stopover sites (Drent et al 1980; Klaassen et al 2006;

Stephens et al 2014). For the pink-footed geese during autumn migration, spilt grain on

stubble fields is the main food resource (Madsen 1985a; Fox et al. 2005; G.H. Jensen et al

unpubl. data). In this study we therefore included size of harvested area within each

field, and hypothesise a higher probability of occurrence of geese on fields with a higher

degree of harvested area. In most heterogeneous landscapes, however, the availability
and quality of food resources varies both spatially and temporally. In Nord-Trøndelag,

habitats are available from the time of harvest and for as long as they are not ploughed

or covered by snow. The cereal grain is harvested during late summer/early autumn,
and, depending on weather conditions, the harvest date may vary by weeks. The timing

of harvest and ploughing could be another factor controlling goose distribution; to take

this into account, the goose distribution is investigated between years, with varying
timing of harvest and ploughing.

Field size is based on the size of connected fields; hence fields with no physical

boundaries like roads, streams, hedgerows etc. The field size ranged from 0.001 to

2.554 km2. We assume geese to recognise these fields as independent foraging areas.

Within each field the harvested area was estimated based on surveys of field types

(categorised as: unharvested cereal, stubble, ploughed, pasture, potato, carrot), which

were carried out on 8 or 9 October each year. The harvest area per connected field

ranged from 0 to 1.491 km2. Based on existing spatial layers from regional authorities

(Agricultural Department, County of Nord-Trøndelag) distance to roads, buildings and
forests were calculated. The distance was defined as the shortest distance from the field
centre to the nearest variable of each type. The road variable was divided into big roads

consisting of main roads in the national road grid, whereas small roads consisted of

municipality roads, private roads and dirt roads. The distances to the nearest small road

ranged from 5 to 519 m, for big roads from 18 to 2157 m; for buildings the range was 20
to 542 m and for forests 5 to 620 m. Distance to roost areas were likewise based on

existing spatial layers and distances were calculated from field centre to nearest known

night roost, based on mapping of roosting site recordings in spring and autumn
(Appendix D). The distances for known roosts ranged from 261 to 7427 m.
Statistical analysis

To identify areas with high probability of occurrence of geese and/or a short return

time, we used a broadly accepted tool in conservation planning for spatial refuge

organisation, species distributions models (SDMs). SDMs are empirical models
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quantifying the relationship between field observations and environmental predictor

variables, hence explain how the environmental predictors control the distribution of
field observations (Guisan and Zimmermann 2000), using a selection of environmental
variables hypothesised to affect distribution of species (Guisan and Thuiller 2005;

Guisan et al 2013). To predict probability of occurrence of pink-footed geese we fitted a

Generalised Linear Model (GLM) with a binomial distribution. We related the presence-

absence of pink-footed geese in fields to the environmental predictors. To produce a
parsimonious model, we included only five environmental variables showing the

strongest individual correlation to goose distribution and that were not strongly
correlated with each other. We used a repeated (10 times) split sample approach for
evaluating the model. The model was ﬁtted using 70% of the data and evaluated using
the area under the curve (AUC) of a receiver-operating characteristics (ROC) plot

(Fielding and Bell 1997) calculated on the excluded 30%. An AUC score between 0.8 and
0.9 indicated good discrimination capacity, an above 0.9 excellent discrimination
capacity (Thuiller et al 2005).

To predict return time we fitted a Linear Model (LM), relating return time to the

environmental predictors and specifying our model with a gaussian distribution. The
top five highest correlations between return time and the environmental variables were

included in the model. We used R statistical software (R Core Team 2014) along with
ArcGIS (ESRI 2013) for all statistical analyses and spatial predictions. For evaluating the

model, we used a repeated split sample and for each split-sample repetition and for

each model, a Spearman rank correlation between observed and predicted was
calculated using the evaluation dataset, as recommended by Zheng & Agresti (2000). In

addition to model evaluation, we calculated the variance importance to see how much
was lost by excluding one variable at a time. We used the explained deviance D2 to get
the effect size of each explanatory variable.

Results

Predictions of goose occurrence and distribution were consistent across all three years,
independent of varying timing of harvest and ploughing (Appendix B). Therefore in the

following sections we only present results based on models without including year
effects. Field size and harvested field size were strongly correlated for both goose

abundance (r = 0.861) and return time (r = 0.941) and since field size is available for
Nord-Trøndelag as a whole while harvested field size is not, field size was used in
further analysis (Table 1).
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Explanatory variables

Goose

a)

abundance

0.512

Field size

0.245

0.2757

Forest

Build
-0.1912

-0.2543

-0.0847

-0.2022

Roost

Small road

Big road

-0.3063

-0.2618

1.0000

Return time

-0.155

0.117

Harvested area

Field size

Return time

Roost

Big road

0.265

Small road

Forest

0.297

0.502

Build

Harvested area

0.787

0.848

1.000

Mean

Sum

Max

-0.141

0.074

0.251

0.205

0.271

0.331

0.378

0.540

1.000

0.848

-0.004

0.130

0.448

0.366

0.552

0.861

1.000

0.531

0.378

0.512

0.3513

0.4027

-0.0444

-0.0748

0.1847

0.9412

1.0000

-0.2618

Field size

0.4290

0.4596

-0.1059

-0.0363

0.1774

1.0000

0.9412

-0.3063

-0.072

0.130

0.379

0.379

0.473

1.000

0.861

0.535

0.331

0.502

Harvested area

Explanatory variables

-0.110

0.128

0.141

0.219

0.256

0.535

0.531

1.000

0.540

0.787

0.2932

0.2898

0.1472

-0.0165

1.0000

0.1774

0.1847

-0.2022

Big road

Harvested area

Field size

Mean

Max

Sum

Explanatory variables

Goose abundance

0.1838

0.1804

0.5161

1.0000

-0.0165

-0.0363

-0.0748

-0.0847

Small road

-0.089

1.000

-0.036

0.105

0.173

0.130

0.130

0.128

0.074

0.117

Big road

0.0595

-0.0174

1.0000

0.5161

0.1472

-0.1059

-0.0444

0.2757

Roost

0.112

-0.036

1.000

0.251

0.659

0.379

0.448

0.141

0.251

0.245

Small road

0.6624

1.0000

-0.0174

0.1804

0.2898

0.4596

0.4027

0.038

0.173

0.659

0.279

1.000

0.473

0.552

0.256

0.271

0.297

Build

-0.2543

Build

1.000

-0.089

0.112

-0.210

0.038

-0.072

-0.004

-0.110

-0.141

-0.155

Roost

1.0000

0.6624

0.0595

0.1838

0.2932

0.4290

0.3513

-0.1912

Forest

-0.210

0.105

0.251

1.000

0.279

0.379

0.366

0.219

0.205

0.265

Forest

Table 1 Correlations matrix for explanatory variables including the dependent variables for pink-footed a) goose abundance and b) return time
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Model for goose occurrence
The estimate of goose abundance (average, sum and maximum), which had the highest

correlation with the explanatory variables, was maximum number of geese per field (r =
0.295). However, all three estimates of goose abundance were highly correlated and

provided similar results (Table 1a). The environmental variables which correlated the

most with goose abundance, and which were used in the occurrence model for Nesset
and Skogn were: field size, distance to buildings, distance to forest, distance to small

roads and distance to roost (Table 1a). The response curves for the predictors were
consistent with hypothesised predictions (Figure 1).

Figure 1 Observed pink-footed goose abundance vs. a) field size, c) distance to small roads, d) distance to

roost, and observed return time vs. d) field size, e) distance to big roads and f) distance to roosts in NordTrøndelag, mid-Norway.
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For predictions outside Nesset and Skogn, since distance to buildings and distance

to forest were not available, those were not used in the model for the projections.
However, neither of these showed strong variance importance (Figure 2a).

Figure 2 Variable contributions for a) pink-footed goose occurrence and b) return time, Nord-Trøndelag,

mid-Norway.

The prediction of goose occurrence for Nesset and Skogn achieved an AUC of 0.89.

The prediction of goose occurrence for Nord-Trøndelag achieved an AUC of 0.87, hence

nearly the same. Due to minor variance importance of the excluded environmental
variables and the same prediction power we used the model excluding distance to
buildings and distance to forest to make our spatial predictions for Nord-Trøndelag. The

predicted highest probability of goose occurrence exists for large fields, away from
small roads and near roosting sites (Figure 3).
Model for return time

The environmental variables with the highest correlation with return time, and which

were used in the model for Nesset and Skogn were: distance to roost, field size, distance
to buildings, distance to big roads and distance to forest (Table 1b). The response
curves for the predictors were consistent with the hypothesised predictions (Figure 1).

For predictions outside Nesset and Skogn, distance to buildings and

distance to forest were not available and therefore not used in the model for the
projections. However, these variables neither showed a significant effect on return time
in the LM model (P > 0.1), nor did they have strong variance importance (Figure 2b).
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Figure 3 Predictions of the probability of occurrence of pink-footed goose in Nord-Trøndelag, mid-

Norway. The predictions were computed using a GLM model and values of field size, distance to the
nearest small roads and to the nearest roosting site.
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The prediction of return time for Nesset and Skogn achieved a median Spearman

rank correlation of 0.293 with the observed return time, while predictions for NordTrøndelag achieved a correlation of 0.458 (Figure 4).

Figure 4 Spearman rank correlation between observed and predicted values for return time at

Nesset/Skogn and Nord-Trøndelag, mid-Norway.

Due to increased prediction power for the limited model for Nord-Trøndelag and

minor variance importance of the excluded variables, we feel comfortable excluding

distance to building and distance to forest in the model for Nord-Trøndelag and
predicting outside the study area. The predicted low return time exist for large fields
near roosting sites and away from big roads (Figure 5).
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Figure 5 Predictions of pink-footed goose return time in Nord-Trøndelag, mid-Norway. The predictions

were computed using a LM model and values of distance to the nearest roosting site, field size and
distance to nearest big road.
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Sensitive/non-sensitive areas
The combined map of goose occurrence and return time showed similar prediction for

high goose occurrence and short return time (Figure 6); hence the areas most sensitive
to hunting are relatively small fields away from the roosts and in proximity to roads.

Figure 6 Predictions of hunting sensitivity in Nord-Trøndelag, mid-Norway. The predictions were based

on combined results from pink-footed goose occurrence and return time; high numbers indicate a slow

return time and high goose occurrence.
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Discussion
The aim of this study was to provide guidance on the spatial organisation of goose
hunting, identifying areas with high probability of goose occurrence and/or a short
return time as an expression of hunting sensitivity.

We found that distance to roost and field sizes were the main explanatory

variables to predict goose landscape use. This may simply be because bigger fields can
sustain more geese. However, other studies at this stopover site have found that during

spring migration the behaviour of pink-footed geese is strongly influenced by
disturbance (Chudzinska et al 2013; Simonsen 2014). As the disturbance during autumn

migration is likely to be even higher due to hunting activities and because autumn is a

busy time for farmers, it is reasonable to assume that field size, as a proxy for sensitivity
to disturbance, is an important explanatory variable for predicting goose occurrence.

Other forms of disturbance, which could be reasons for geese to choose larger fields, are

small roads, buildings and forest, which were all found to have a significant effect on
goose occurrence, but nevertheless with minor variance importance. Rosin et al. (2012)

found that geese prefer large ﬁelds that are remote from forests and human settlements.
Additionally, Chudzinska et al. (2013) found that sporadic and unpredictable

disturbance associated with traffic on small roads had a higher effect on geese in terms
of behavioural responses, opposite to a predictable source of disturbance, such as large
roads with constant traffic. Madsen (1985a) also investigated the effect of roads on

goose usage of fields, and found that roads with a traffic volume of 20-50 cars (or
equivalent) per day had a serious depressing effect on goose utilisation in a range of 0-

500 m from the road. The reason why small roads are more disturbing compared to
large roads is probably that geese habituate to constant traffic while they are more wary

of accidental passage of vehicles. In terms of hunting organisation this means that it is
more important to stay away from smaller roads than large roads. Distance to roost was
also selected as an important predictor, which is supported by previous work on the
pink-footed goose (Jensen et al 2008; Wisz et al 2008; Chudzinska et al 2013).

An area with a short return time is characterised by many of the same features as

a field with high probability of goose occurrence; however distance to roosting sites was
the only critical predictor. Potential disturbance or predation risk in terms of field size,

distance to buildings, big roads and forest had minor importance. This indicates that
disturbance itself is less important when geese decide where to return, but rather that

return time is governed by the potential escape routes from the disturbance and

proximity to roosting areas and/or minimising energy cost by first revisiting areas
closest to the roosting areas. In an experimental study conducted at the Nesset study
area in mid-Norway (G.H. Jensen et al unpubl. data) it was found that geese returned to
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the same fields two days after a hunting event. In this study we found that the predicted
return time for the study area ranged from 1.5 up to 18.6 days, dependent on the
distance to roosting sites. The experimental study was conducted within 4 km from the

nearest roost site, and within this distance, it appeared that the hunting sensitivity was
not affected by return time. This is in accordance with the spatial prediction from the
SDM models. Beyond this distance the return time increases dramatically. Additionally,

big roads with constant traffic have a higher influence on return time than small roads

with only irregular traffic. This may be because, if a hunt is conducted close to a big
road, hunting will limit the habituation by geese to the constant traffic, and lead to a
longer return time.

We found that in Nord-Trøndelag, an important goose hunting region in mid-

Norway, there is not a large variation between areas with high probability of goose
occurrence and a short return time. This may be because of the flocking behaviour of

geese; hence geese are more likely to return quicker to areas with high probability of
goose occurrence. Nevertheless, this is an important finding in terms of a sustainable

large-scale hunting organisation, as it shows that there is not a strong conflict between

hunting location and feeding area, since geese return faster to preferred areas than less
preferred areas after a hunt. For none of the fields, however, did geese return on the

same day as hunting was conducted, hence, even for the most preferred goose fields, the

geese will need a minimum of two days to return and resume foraging, based on the
predicted return time and results from experimental work looking at temporal

responses by geese to hunting (G.H. Jensen et al unpubl. data). It terms of maximising
the hunting bag, this means that hunting should be conducted on large fields which are

located close to a goose roost and away from roads. On these fields they will have a
greater chance of encountering goose on a given hunt. Additionally, more hunting
events can be arranged, since geese return quickly on these fields. Therefore, for these

field types we expect a bigger hunting bag per hunt and in total for the season.

Species distribution models are useful for optimising management decisions

(Guisan et al 2013). To our knowledge this is the first attempt to provide a model for
regional scale hunting organisation. The study, focusing on optimising goose harvest

management, brings valuable input to the international species management plan
currently seeking to reduce and stabilise the population of the pink-footed goose. The

model and the recommendations of coordinating hunting events with neighbouring

hunters (G.H. Jensen et al unpubl. data), can be used as a tool by private landowners,

local authorities or consortia of hunters to optimise hunting activity based on first
principles of goose behaviour. Currently the adaptive harvest management plan for the

pink-footed goose sets an annual harvest quota with little regards and limited
knowledge of how the quota is regulated or shall be reached at the local level. However,
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through an adaptive hunting organisation, which regulates size and/or place of the

hunting areas combined with monitoring of the hunting bag in the same areas, it is
possible to link the overall hunting quota with the local hunting activities. As the target
population size is reached, however, it will be a key element to continue monitoring
how the hunting bag is affected. Apart from using statutory tools such as season length
to regulate harvest, a novel avenue would be to make voluntary regional regulations

with temporal and spatial limitations on hunting based on probabilities for harvesting
geese. If hunters and landowners are willing to coordinate the goose hunting at a

landscape level, they can use the large-scale spatial hunting organisation to plan their

activity, with the likely benefit that they collectively harvest geese sustainably in the
long-term. Such local and regional organisation can become a powerful tool in the comanagement of goose harvest.
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Appendix A Prediction of pink-footed goose abundance in Nord-Trøndelag, mid-Norway. The

prediction was computed using a GLM model including values of field size, distance to the nearest
small roads and to the nearest roosting site
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Appendix B Predictions of the probability of occurrence of pink-footed goose in Nord-Trøndelag,

mid-Norway for 1) 2011, 2) 2012 and 3) 2013. The predictions were computed using a GLM model
and values of field size, distance to the nearest small roads and to the nearest roosting site.
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Appendix C Predictions of the probability of occurrence of pink-footed goose at Nesset and Skogn,

mid-Norway for 1) 2011, 2) 2012 and 3) 2013. The predictions were computed using a GLM model
and values of field size, distance to the nearest small roads and to the nearest roosting site. Dots
represent field observations.
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Appendix D Known night roosting sites in Nord-Trøndelag, mid-Norway.
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Blue sky over Nord-Trøndelag. Photo by Gitte Høj Jensen.
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Co-authored papers/reports started during the PhD but not included in this thesis:

The dilemma of where to nest: inﬂuence of spring snow cover, food
proximity and predator abundance on reproductive success of an arcticbreeding migratory herbivore is dependent on nesting habitat choice
Polar Biology, DOI 10.1007/s00300-014-1574-y
Helen B. Anderson1, Jesper Madsen2, Eva Fuglei3, Gitte Høj Jensen2, Sarah Woodin1 & Rene
van der Wal1

1School

of Biological Sciences, University of Aberdeen, UK

2Norwegian

Polar Institute, Fram Centre, Tromsø, Norway

3Department

of Bioscience, Aarhus University, Denmark

Abstract: Pink-footed geese Anser brachyrhynchus nest in two contrasting but commonly

found habitats: steep cliffs and open tundra slopes. In Svalbard, we compared nest
densities and nesting success in these two environments over ten breeding seasons to
assess the impact of spring snow cover, food availability to nesting adults and arctic fox

Vulpes lagopus (main terrestrial predator) abundance. In years with extensive spring snow
cover, fewer geese at both colonies attempted to breed, possibly because snow cover

limited pre-nesting feeding opportunities, leaving adults in poor breeding condition.
Nesting success at the steep cliff colony was lower with extensive spring snow cover; such

conditions force birds to commit to repeated and prolonged recess periods at far distant

feeding areas, leaving nests open to predation. By contrast, nesting success at the open

tundra slope was not affected by spring snow cover; even if birds were apparently in poor
condition they could feed immediately adjacent to their nests and defend them from

predators. Foxes were the main nest predator in the open tundra slopes but avian
predators likely had a larger impact at the steep cliffs colony. Thus, the relative
inaccessibility of the cliffs habitat may bring protection from foxes but also deprives geese

from readily accessing feeding areas, with the best prospects for successful nesting in low
spring snow cover years. Our ﬁndings indicate that spring snow cover, predator abundance

and food proximity did not uniformly inﬂuence nesting success of this herbivore, and their
effects were dependent on nesting habitat choice.

Contribution: Analysis of MODIS satellite image and estimation of spring snow cover.
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Adaptive harvest management for the Svalbard population of pinkfooted geese.
Cooperator report. Progress summary prepared for the AEWA Svalbard pink-footed goose
international working group 2013.
Link:http://pinkfootedgoose.aewa.info/sites/default/files/article_attachments/AHM%20Coo
perator%20Report%201%20%281Feb2013%29%20FINAL.pdf
Fred A. Johnson1, Gitte Høj Jensen2, Jesper Madsen2
1
2

Southeast Ecological Science Center, U.S. Geological Survey, Gainesville, FL, USA
Department of Bioscience, Aarhus University, Denmark

Executive Summary

This document describes progress to date on the development of a harvest‐management

strategy for maintaining pink‐footed goose Anser brachyrhynchus abundance near their
target level by providing for sustainable harvests in Norway and Denmark. Many goose
populations in Western Europe have increased dramatically in recent decades. The

Svalbard population of pink‐footed geese is a good example, increasing from about 10

thousand individuals in the early1960’s to roughly 80 thousand today. Although these

geese are a highly valued resource, the growing numbers of geese are causing agricultural
conflicts in wintering and staging areas. The African‐Eurasian Waterbird Agreement

(AEWA; http://www.unep‐aewa.org/) calls for means to manage populations which cause
conflicts with certain human economic activities.

We compiled relevant demographic and weather data and specified an annual‐cycle

model for pink-footed geese that reconciles the different dates of monitoring activities and
the timing of harvest management decisions. We then developed dynamic models for

survival and reproductive processes and parameterised those using available data. By

combining varying hypotheses about survival and reproduction, we developed a suite of
nine models that represent a wide range of possibilities concerning the extent to which
demographic rates are density dependent or independent, and the extent to which spring

temperatures are important. These nine models varied significantly in their predictions of
the harvest required to stabilise current population size, ranging from a low of about 500
to a high of about 17 thousand. For comparison, the harvest in Norway and Denmark was
about 11 thousand in 2011 and the population increased from 70 to 80 thousand.
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We relied on the passive form of adaptive management in formulating a harvest

strategy. In passive adaptive management, alternative population models and their

associated weights of evidence are explicitly considered in the development of an optimal

harvest strategy. Unlike active adaptive management, however, there is no explicit
consideration of how harvest management actions could reduce uncertainty as to the most

appropriate model of population dynamics. In optimising a harvest strategy, we assumed

equal probabilities for all nine models and assumed relatively course control over harvest.

We used a management objective that seeks to maximise sustainable harvest, but avoids
harvest decisions that are expected to result in a subsequent population size different than

the population goal of 60 thousand. Optimal harvest strategies were calculated using

stochastic dynamic programming, and Monte Carlo simulations were used to investigate
expected strategy performance.

The optimal passive adaptive‐management strategy is expected to maintain mean

population size near 60 thousand, regardless of the most appropriate model. However,

mean harvest rates and harvests varied substantially depending on the most appropriate

model of population dynamics. With an average number of days above freezing in May in
Svalbard, optimal harvest rates (i.e., the proportion of the population to be harvested in
autumn) increase rapidly once there are more than about 50 thousand birds in the

population. Generally, optimal harvests were on the order of 10 – 20 thousand for

population sizes > 60 thousand, and 0 – 5 thousand for population sizes < 60 thousand. For
the observations of young of 15.4 thousand and adults of 54.6 thousand in autumn 2010,
and 10 days above freezing in May 2011 (a relatively warm spring compared to the average

of about 7), the optimal harvest rate in autumn of 2011 would have been 0.16, or a harvest
of about 14 thousand. Based on the optimal strategy, hunting‐season closures would be

required as the number of adults in the autumn population falls below about 52 thousand,
regardless of the number of young in the population. As the number of adults and young

decrease, the number of warm days in May required to keep the hunting season open
increases. We also investigated the ability of the optimal strategy to stabilise the population
at around 60 thousand birds, assuming varying values of the maximum harvest rate that

could be implemented. Harvest strategies that contained a maximum harvest rate of 0.16
(equivalent to a harvest of about 17 thousand) were effective at stabilising the population
at 60 thousand within 4‐5 years, regardless of climate scenario. Harvest strategies with a

maximum harvest rate of 0.12 (harvest ≈ 13 thousand) were also able to stabilise the
population near 60 thousand, although it took more time. Harvest strategies with a

161

Chapter 7. Additional work

maximum harvest rate of 0.08 (harvest ≈ 8 thousand) were unsuccessful at stabilising the
population at 60 thousand.

Continued monitoring of the pink‐footed goose population on an annual basis is

critical to an informed harvest management strategy. At a minimum, the ground census in
November should be continued to determine population size and proportion of young.

Continued estimates of harvest from Norway and Denmark are also necessary to help judge

the credibility of the alternative population models. However, an adaptive management
process that relies on periodic updating of model weights will depend on acquiring either
estimates of the realised harvest rate of adults or the age composition of the harvest. We

also recommend that a census conducted during spring migration be operationalised, and

that estimates of survival based on mark‐recapture data be updated. Finally, the
International Working Group has expressed a desire to adopt a three‐year cycle of decision

making related to the regulation of pink‐footed goose harvests. The idea is that once a
target harvest level is adopted, it would remain in place for three years, after which time

population status would be assessed and a potentially new management action chosen. We
have developed a preliminary framework to implement a three‐year cycle using stochastic

dynamic programming, and we hope to have it fully operational later this year . We note,
however, that application of this 3‐year framework will still require annual resource

monitoring and assessments to facilitate learning, and to allow managers the opportunity
to respond to any unforeseen change in resource conditions.

Contribution: In collaboration with the authors I compiled relevant demographic and

weather data, specified an annual‐cycle model for pink-footed geese, developed dynamic

models for survival and reproductive processes and calculated optimal harvest strategies
using stochastic dynamic programming.

Adaptive harvest management for the Svalbard population of pinkfooted geese.
Cooperator report. Progress summary prepared for the AEWA Svalbard pink-footed goose
international working group 2014.
Link:http://pinkfootedgoose.aewa.info/sites/default/files/article_attachments/SPfG_AHM_A
nnual%20Report_2014_DCE%20TR40_26-08-2014.pdf
Fred A. Johnson1, Jesper Madsen2, Gitte Høj Jensen2
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Department of Bioscience, Aarhus University, Denmark

Executive Summary

This document describes progress to date on the development of an adaptive harvest‐

management strategy for maintaining the Svalbard population of pink‐footed geese Anser

brachyrhynchus)near their agreed target level (60 thousand) by providing for sustainable

harvests in Norway and Denmark. Specifically, this report provides an assessment of the
most recent monitoring information and its implications for the harvest management
strategy.

The development of a passively adaptive harvest management strategy requires

specification of four elements: (a) a set of alternative population models, describing the

effects of harvest and other relevant environmental factors; (b) a set of probabilities

describing the relative credibility of the alternative models, which are updated each year
based on a comparison of model predictions and monitoring information; (c) a set of
alternative harvest quotas, from which a 3‐year quota is chosen; and (d) an objective
function, by which alternative harvest strategies can be evaluated and an optimal strategy
chosen.

By combining varying hypotheses about survival and reproduction, a suite of nine

models have been developed that represent a wide range of possibilities concerning the

extent to which demographic rates are density dependent or independent, and the extent

to which spring temperatures are important. Five of the models incorporate density‐
dependent mechanisms that would maintain the population near a carrying capacity (i.e., in
the absence of harvest) of 65k –129k depending on the specific model. The remaining four

models are density independent and predict an exponentially growing population even
with moderate levels of harvest.

The most current set of monitoring information was used to update model weights

for the period 1991 – 2013. Current model weights suggest little or no evidence for

density‐dependent survival and reproduction. These results suggest that the pink‐footed

goose population may have recently experienced a release from density‐dependent

mechanisms, corresponding to the period of most rapid growth in population size. There
was equivocal evidence for the effect of May temperature days (number of days with
temperatures above freezing: TempDays) on survival and on reproduction.

During the summer of 2013 we computed an optimal harvest strategy for the 3‐year

period 2013 – 2015. The strategy suggested that the appropriate annual harvest quota is
15 thousand. The 1-year harvest strategy calculated to determine whether an emergency
163

Chapter 7. Additional work

closure of the hunting season is required this year suggested an allowable harvest of 25.0
thousand; thus, a hunting‐season closure is not warranted. If the harvest quota of 15

thousand were met in the coming hunting season, the next population count would be
expected to be 71.0 thousand. If only the most recent 4‐year mean harvest were realised

(11.3 thousand), a population size of 74.8 thousand would be expected. Simulations
suggest that it will take approximately seven years at current harvest levels to reduce

population size to the goal of 60 thousand. However, it is possible that the extension of the

forthcoming hunting season in Denmark could result in a total harvest approaching 15
thousand; in this case, simulations suggest it would only take about three years to reach the
goal.

Contribution: In collaboration with the authors I updated model weights, computed an
optimal harvest strategy and simulated harvest levels.

Training Conservation Practitioners to be Better Decision Makers
Fred A. Johnson1, Mitchell J Eaton2, Gitte Høj Jensen3, James H. Williams3
1
2
3

Southeast Ecological Science Center, U.S. Geological Survey, Gainesville, FL, USA

USA Southeast Climate Science Center, U.S. Dept. of the Interior, N.C. State University, USA
Department of Bioscience, Aarhus University, Denmark

Article objectives: Discuss decision making in conservation, how the application of
decision analysis can help, some of the challenges, how we can make better decision
makers, and the needs for better decision-analytic tools

164

165

As part of the recently endorsed African-Eurasian Migratory Waterbird (AEWA)
International Species Management Plan for the Svalbard population of the pink-footed

goose Anser brachyrhynchus, a stable population target of 60,000 (current population is c.
80,000 during 2011-2013) has been agreed in order to reduce conflicts with agriculture

and degradation of tundra vegetation in Svalbard. The population target shall be achieved

through an adaptive harvest management (AHM) framework and optimisation of hunting
practises and organisation. The objective of this thesis has been to support the
development of the AHM plan. This has been done at the flyway level by developing

demographic population models and exploring the application of dynamic optimisation
methods to find an optimal management strategy. At the local and regional levels I

explored effects of hunting practises and organisation at one of the main stopover and
hunting sites in mid-Norway

