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Abstract 

The natural world has been transformed since the Great Acceleration of the mid-20th 

century. Today, humanity is the dominant influence on nature, by way of land and sea 

modification, exploitation and climate disruption. The studies presented in this thesis 

aim to provide an overview of human impacts on the population dynamics of Arctic-

breeding birds, with a particular focus on the Barnacle Goose Branta leucopsis, a 

migrant bird that breeds in the high-Arctic and winters in temperate Europe. The 

literature review for this thesis revealed that Arctic-breeding birds are strongly 

impacted by overexploitation (hunting for subsistence or sport), industrial activity 

(agriculture, hydrocarbon and mineral extraction, chemical manufacture and fisheries) 

and climate disruption (weather regime shifts, vegetation shifts, phenological 

mismatches and diminishing sea ice). It is well understood that Barnacle Goose 

numbers are strongly affected by exploitation and agriculture: in the first half of the 

20th century, the population declined due to hunting pressure, but recovered once 

hunting became regulated and intensively managed agricultural grassland expanded 

across Northern Europe. The following three studies in this thesis explored ways in 

which weather regime shifts, phenological mismatches and chemical contamination 

may relate to individual fitness and long-term trends in Barnacle Geese. The first study 

uses a 50-year demographic dataset to analyse relationships between survival and 

productivity rates and temperature and precipitation shifts. This study demonstrates 

that weather regime shifts towards warmer and wetter conditions during spring 

migration positively influenced long-term survival rates and contributed to a population 

increase of Barnacle Geese. The second study uses satellite telemetry to determine 

the relative importance of photoperiod, air temperature and forage plant growth to 

migrating Barnacle Geese. Spring migration was closely associated with forage plant 

growth and autumn migration was closely associated with falling temperatures, both 

of which are vulnerable to phenological shifts associated with climate disruption, and, 

hence, vulnerable to phenological mismatches. The third study uses morphometric 

measurements and biosamples to analyse relationships between the key avian 

hormone corticosterone and key morphological traits associated with individual 

fitness: body weight, body size and facial plumage. This study concludes that 

exposure to levels of chemical contaminants in the environment that interfere with the 

normal functioning of corticosterone in Barnacle Geese could have consequences for 
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body weight regulation, which is a key factor in survival and productivity. Thus, human 

activity has shaped the population dynamics of Barnacle Geese through the direct 

effect of attitudes to exploitation on survival (initially negative effects of overhunting, 

then positive effects of legal regulation) and the indirect positive effect of agricultural 

intensification and a warming climate on survival through bottom-up effects on forage 

plants. Barnacle Geese are one of a number of Arctic and northern terrestrial 

herbivorous birds and mammals with thriving population trends today (e.g. geese, 

swans, deer). This suggests that in the northern hemisphere, low-trophic herbivores 

(especially those with legal protection) are at an advantage. However, many of these 

species are actually in an ecological trap; while agricultural land modification and 

weather regime shifts currently provide plentiful forage resources, changes to 

agricultural practises or exacerbated climate disruption could remove this resource, 

with severe consequences. Furthermore, exceptionally high abundance in thriving 

species is often accompanied by negative externalities on other species in the 

ecosystem. Maintaining the balance of nature, biodiversity and ecosystem function 

should be a priority. 

 

 

Keywords: anthropogenic impacts, Arctic, Barnacle Goose, migration 
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The Arctic in a changing world 

Extensive changes have occurred on our planet since the mid-20th century, many of 

which are driven by anthropogenic activity. In 2019, the Intergovernmental Science-

Policy Platform on Biodiversity and Ecosystem Services Global Assessment (IPBES, 

2019) performed the largest ever assessment of the state of nature and identified 

humanity as the dominant influence. Anthropogenic land and sea modification was the 

most important driver of change (with a relative impact of 30%), followed by 

environmental exploitation (23%) and climate disruption (14%) (Díaz et al., 2019; 

IPBES, 2019).  

 

A brief review of the past decade of scientific literature highlights severe negative 

impacts of land modification, exploitation and climate disruption on nature (e.g. 

Butchart et al., 2010; Dirzo et al., 2014; Young et al., 2016; Ceballos, Ehrlich and 

Dirzo, 2017; Leclerc, Courchamp and Bellard, 2018). Land modification, in which 

habitat is changed from its natural form, has had a profound effect on biodiversity; 

Newbold et al. (2015) estimated a 13.6% reduction in species abundance globally due 

to habitat conversion and degradation. This rises to 39.5% in the worst affected 

habitats. Land modification takes many guises, including modification for agriculture 

and other industrial activities, and has accelerated over the 20th century (Jetz, Wilcove 

and Dobson, 2007; Young et al., 2016; Leclerc, Courchamp and Bellard, 2018). 

Exploitation, including harvesting for sport and other interests, also has damaging 

impacts on nature (Young et al., 2016). Maxwell et al. (2016) estimated that 

overexploitation was responsible for declines in 72% of species listed as threatened 

or near-threatened by the International Union for Conservation of Nature. The third 

impact identified by IPBES, climate disruption, is associated with ecosystem 

breakdown and defaunation (Young et al., 2016; Díaz et al., 2019). According to the 

most recent assessment report of the Intergovernmental Panel on Climate Change 

(IPCC, 2013), global mean surface air temperatures have increased since the 19th 

century, with the rate of increase accelerating since the mid-20th century. Precipitation 

has also increased in the northern hemisphere and extreme weather events occur 

more frequently. This year, the Living Planet Report 2020 (WWF, 2020) calculated a 

mean 68% global decline in mammals, birds, amphibians, reptiles and fish between 
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1970 and 2016, largely due to these anthropogenic impacts. Catastrophes such as the 

ongoing COVID-19 pandemic are a stark reminder of the consequences (WWF, 2020). 

 

The Arctic is one of the most vulnerable biomes to the impacts of anthropogenic 

activity. The Arctic is one of our last remaining wildernesses and it is sometimes 

assumed that anthropogenic impacts here are minimal by virtue of its remoteness. 

However, the most recent Arctic Biodiversity Assessment conducted by the 

Conservation of Arctic Flora and Fauna (CAFF, 2013) provides evidence that 

anthropogenic impacts have increased in modern times. Overexploitation of animal 

populations has been a threat to the Arctic ecosystem for centuries, but today climate 

disruption, social development and hydrocarbon and mineral extraction present 

additional threats. Since the mid-20th century, it has become clear that climate 

warming is amplified in the Arctic compared to temperate and tropical regions because 

heat is transported north on natural sea and air currents (ACIA, 2005; Bekryaev, 

Polyakov and Alexeev, 2010; Praetorius et al., 2018). Across most of the Arctic, air 

temperatures are warming, precipitation is increasing and spring snow and sea ice 

extent and duration are diminishing (ACIA, 2005; Box et al., 2019). Industrial extraction 

of hydrocarbon and mineral reserves in the Arctic is also increasing as the associated 

technology advances (CAFF, 2013). There is also evidence that chemicals 

manufactured for agriculture and industry in other parts of the world are accumulating 

in the Arctic. Chemicals such as persistent organic pollutants, heavy metals and 

bromine flame retardants are transported north on natural currents. Ingestion of these 

contaminants can cause harm to animals, sometimes in very complex ways, such as 

disrupting the proper functioning of the endocrine system (AMAP, 2015a, 2015b).  

 

When studying anthropogenic impacts to the Arctic, it is important to acknowledge that 

many Arctic-breeding species are migratory. The Arctic climate is characterised by 

harsh winters followed by intense summer productivity. During the breeding season, 

many species inhabit the Arctic to take advantage of abundant resources, reduced 

competition and predation and reduced exposure to parasites and disease, then 

migrate south to avoid winter conditions (Somveille, Rodrigues and Manica, 2015). 

Therefore, migratory Arctic-breeding species are exposed to anthropogenic impacts 

on temperate/tropical migratory routes, staging sites and wintering grounds, as well as 

on their Arctic breeding grounds (CAFF, 2013). Furthermore, because climate 
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warming is amplified in the Arctic, mismatches are emerging between seasonal 

phenological events in the Arctic versus the temperate/tropical regions (CAFF, 2013). 

For example, the onset of spring now begins weeks earlier in the Arctic than in the 

temperate/tropical regions because air temperatures have increased faster in the 

Arctic. 

 

The Barnacle Goose 

The Barnacle Goose Branta leucopsis is an Arctic-breeding migrant bird. Traditionally, 

there were three distinct populations of Barnacle Goose with geographically separate 

flyways (Figure 1.1): (i) the Greenland population, which breeds on the North-east 

coast of Greenland and winters on the North-west coasts of Ireland and Scotland, 

staging in Iceland during migration; (ii) the Svalbard population, which breeds on the 

Svalbard archipelago and winters on the Solway Firth, UK, staging in mainland Norway 

during migration; and (iii) the Russian population, which breeds on the Novaya Zemlya 

archipelago, Northern Russia, and winters in Germany and the Netherlands, staging 

in the Baltic region during migration (Black, Prop and Larsson, 2014). 

 

Figure 1.1 The three distinct Barnacle Goose flyways between the Arctic and temperate Europe 
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Since the 1980s, the breeding range has expanded: a breeding population derived 

from the Russian population emerged in the Baltic region, as well as a sedentary 

breeding population in the Netherlands and a new breeding population derived from 

the Greenland population is emerging in South Iceland (Jensen et al., 2018). Along 

with breeding range expansion, there has been an unprecedented exponential 

increase in abundance across all Barnacle Goose populations since the mid-20th 

century (Fox and Leafloor, 2018). 

 

Barnacle Geese suffered major declines in the early-20th century due in part to 

overexploitation (Fox and Madsen, 2017). The Svalbard population was reduced to 

just 300 birds in 1948 (Mitchell et al., 2010). Given the impacts of anthropogenic 

activity on nature discussed above, it is perhaps surprising that anthropogenic activity 

appears to be the cause of the recovery and exponential increase in abundance 

observed in the latter half of the 20th century. Barnacle Geese were listed on Annex I 

of the European Union Birds Directive (European Union, 2009) in 1979 as a 

particularly threatened species for which member states must designate Special 

Protection Areas. In the following years, legislation was introduced in member states 

to provide winter reserves and protect geese from winter season hunting, and 

population numbers began to recover (Fox and Madsen, 2017). Along with protective 

measures, intensification of agricultural grass and cereal crops in Europe throughout 

the latter 20th century provided an extensive novel food resource for herbivorous 

waterfowl, including Barnacle Geese, that contributed to the increase in abundance 

(Fox and Abraham, 2017; Fox and Madsen, 2017). However, less is known about how 

other major anthropogenic impacts outlined by IPBES (2019) are affecting Barnacle 

Geese. 

 

Objectives and data acquisition 

The objective of this thesis is to assess anthropogenic impacts on the population 

dynamics of Arctic-breeding birds, with particular reference to Barnacle Geese. Two 

principal sources of data were used in this study: (i) an existing demographic dataset 

compiled by Prof. David Cabot between 1961 and 2019 and (ii) data I collected 

between 2016 and 2019. 
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i) A cohort of the Greenland Barnacle Goose population has been studied by 

Prof. Cabot from 1961 to present (Figure 1.2). During this time, annual records 

of population size and age-composition were collected. Almost 1,500 geese were 

captured in Ireland and Greenland, tagged with individually coded leg-rings and 

released. Resightings of tagged individuals were collected by Prof. Cabot from a 

network of volunteers in Ireland, Scotland, Iceland and Greenland. Morphological 

measurements of body size and weight were collected from a subset of captured 

geese. Satellite telemetry tags were also deployed on ten geese between 2008 

and 2010.  

 

ii) Capture and tagging of geese in Ireland continued from 2016 to present. 

During this time, I continued to collect morphological measurements and I 

collected blood and feather samples from captured birds to measure hormone 

concentrations. I also deployed satellite telemetry tags on a further 19 Barnacle 

Geese in 2018 and 2019 (Plate 1.1). 

 

Figure 1.2 Greenland Barnacle Goose range 



Introduction 

7 

 

Capture and tagging of geese was conducted under licence from the National Parks 

and Wildlife Service of the Government of Ireland and permit from the British Trust of 

Ornithology. A special methods permit was also obtained from the British Trust of 

Ornithology to deploy satellite telemetry tags. Blood and feather sampling from 

captured geese was conducted with authorisation from the University College Dublin 

Animal Research Ethics Committee and the Health Products Regulatory Authority of 

Ireland (AE18982/P115). 

 

Plate 1.1  (a) Individually coded leg ring tags. (b) Satellite telemetry tag deployed on Barnacle Goose. 

(c) Morphological measurements and biosample collection 

 

 

 

 

 

 

 

 

(a) (b) 

(c) 
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Thesis aims 

 

o I begin this thesis by conducting a pan-Arctic review of anthropogenic impacts 

to the demographic trends of Arctic-breeding birds (chapter 2, manuscript I). 

This takes the form of a scoping review of the past two decades of literature. In 

the following chapters, I aim to investigate how some of the anthropogenic 

impacts highlighted in this scoping review may relate to individual fitness and 

long-term trends in the Barnacle Goose. 

 

o Firstly, I aim to test whether climate disruption influenced long-term 

demographic rates in Barnacle Geese (chapter 3, manuscript II). I draw from 

the 1961-to-present dataset to generate annual demographic rates and model 

their relationship with climatic variables. 

 

o Following this, I aim to establish the relative importance of different 

environmental factors to migrating Barnacle Geese (chapter 4, manuscript III). 

I analyse satellite telemetry data from 2008-to-present to relate migratory 

activity to environmental variables. This is timely, given the decoupling of 

seasonal phenological synchrony between the Arctic and temperate/tropical 

regions.  

 
o Finally, I aim to determine the relationship between two key avian hormones 

and Barnacle Goose morphological traits associated with survival and 

reproduction (chapter 5, manuscript IV). I use biosamples collected from 

2016-to-present. This is also timely, given emerging evidence of endocrine-

disrupting contaminants in the Arctic. I also aim to test whether key 

morphological traits have changed over time, which could signal selective 

pressures (chapter 5, manuscript IV). I draw upon morphological data from 

the 1961-to-present dataset to accomplish this.
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Chapter 2 

Anthropogenic impacts on Arctic-

breeding birds 

Adapted from: Susan Doyle, Aimée Grey and Barry J McMahon (2020) 

Anthropogenic impacts on the demographics of Arctic-breeding birds. Polar 

Biology, 43: 1903 - 1945. https://doi.org/10.1007/s00300-020-02756-6 
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Anthropogenic impacts on the demographics 

of Arctic-breeding birds 

Susan Doyle1, Aimée Gray1 and Barry J McMahon1 

1UCD School of Agriculture and Food Science, University College Dublin, Ireland 

Abstract 

The Arctic supports a diversity of breeding birds. Since the mid-20th century, 

anthropogenic-source climate change, industrial activity and harvest have impacted 

this ecosystem and the demographics of its breeding birds, highlighting the need to 

synthesise current knowledge. A scoping review was conducted to quantify recent 

population trends and identify impacts of anthropogenic activity on species’ 

demography. The literature revealed that many seabird trends were mixed or 

uncertain. Trends among waterfowl, divers and cranes were largely upward or stable. 

Trends among waders, passerines and raptors, however, were more evenly 

distributed upward and downward. Wader trends tended to be more positive in the 

East Atlantic flyway compared to other flyways, while many raptor populations are 

recovering following historic losses. In contrast, grouse experienced uncertain or 

negative trends. Weather regime and vegetation shifts, phenological mismatches and 

diminishing sea ice associated with climate change are important drivers of 

demography. The strength and direction of these impacts, however, varies among 

guilds and between the low and high-Arctic. The extraction, chemical, agriculture and 

fisheries industries also impact demography. Research on heavy metal and 

organochlorine contamination was prevalent in the literature, despite having relatively 

weaker impacts than other drivers. Although bird harvest has had profound impacts 

on Arctic populations, recently updated regulations and improvements in policy have 

ameliorated its impact somewhat. Nonetheless, many anthropogenic impacts are 

predicted to become more severe in the future, with consequences for breeding bird 

trends, therefore continued pan-Arctic monitoring and addressing knowledge gaps will 

be necessary to preserve this unique biome. 
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Introduction 

The Arctic supports 199 species of breeding bird, amounting to approximately 2% of 

global avian species richness (Ganter and Gaston, 2013). Because of its remoteness, 

the impact of anthropogenic actity on Arctic-breeding birds is often assumed to be 

minimal. However, widespread environmental change is occurring in the Arctic, much 

of which is attributed to anthropogenic-source climate change, industrial activity and 

harvest. Climate warming driven by industrial emissions (including agriculture) since 

the 1950s has altered Arctic weather and habitat structure (ACIA, 2005; IPCC, 2014). 

Climate warming is particularly amplified in the Arctic compared to lower latitudes, as 

heat is transported poleward on natural currents (Bekryaev, Polyakov and Alexeev, 

2010; Praetorius et al., 2018). Industrial activity physically based within the Arctic is 

linked to disturbance and degradation of the ecosystem (Montevecchi, 2002; AMAP, 

2015a, 2015b; Becker, Pollard and Kardol, 2016). Pollutants released by industry also 

impact Arctic-breeding birds in their wintering grounds, or like heat are transported 

poleward on natural currents (AMAP, 2015a). Harvest of birds and their eggs also has 

a profound effect on population trends and abundance, mainly in inhabited regions of 

the Arctic, but also at the wintering grounds of migratory species (Ganter and Gaston, 

2013). Existing literature indicates that these anthropogenic activities have had long-

term impacts on Arctic habitats and specialist Arctic fauna. Many Arctic fauna have 

altered their geographic ranges, seasonal activities, migration patterns and 

interspecific relationships (Huntington et al., 2007; Elmhagen et al., 2015; Wauchope 

et al., 2017; Weiser, Brown, et al., 2018). The literature also suggests that continued 

anthropogenic activity, coupled with contraction of the Arctic northwards in a warming 

climate, could ultimately result in the disappearance of an entire ecological community 

(Laidre et al., 2018; Stubbs, Soltis and Cellinese, 2018). This emphasises the 

importance of monitoring current population trends and understanding anthropogenic 

impacts on Arctic-breeding birds. 

 

Abundant literature spanning several decades exists in relation to Arctic-breeding 

birds. Several long-term monitoring projects have been underway since the mid-20th 

century, but, given the isolation and inaccessibility of the Arctic, it has been difficult to 

accumulate data on the long-term distribution and population trends for many species 

(particularly those that live in low densities) or for certain guilds. The tolerance and 
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flexibility with which different species or guilds respond to environmental change is 

also difficult to synthesise due to the abundance of research and the variation 

observed in results. The latter point is particularly important because guilds may 

contrast markedly in their response to the same environmental changes. A summary 

of current population trends and a coherent synthesis of the current knowledge about 

anthropogenic impacts will provide valuable information for monitoring and 

understanding Arctic-breeding bird demographics. 

 

Thus, the objective of this scoping review was to inform future conservation research 

by synthesising existing knowledge on Arctic-breeding bird demography, focussing on 

the past two decades of literature (1999 - 2019). To build on other recent reviews of 

the Arctic avifauna (e.g. Provencher et al., 2014; Flemming et al., 2016; Descamps et 

al., 2017; Smith et al., 2020), this review takes a holistic approach to include literature 

on all avian guilds and on a broad range of anthropogenic impacts throughout the 

circumpolar Arctic. We aimed to summarise and compare the general trends among 

different guilds reported in the literature. These trends can be compared to global 

monitoring lists maintained by the International Union for Conservation of Nature 

(IUCN) to better understand Arctic populations. We also aimed to identify the primary 

impacts of climate change, industrial activity and harvest on Arctic-breeding bird 

demography reported in the literature. Of particular interest is whether there are 

contrasting responses among different guilds or if there is spatial variation in the 

strength of impacts (e.g. according to flyway or between the high and low-Arctic). We 

also aimed to discern whether the prevailing impacts reported in the literature today 

are the same as those reported in earlier decades or if any of these impacts have been 

resolved. Finally, we aimed to assess the literature for knowledge gaps to provide 

guidance for future research. The results highlight priority needs in circumpolar 

monitoring and potential future challenges. 

 

Methods 

The true Arctic lies at latitudes above 66°33’N (the Arctic circle), comprising the far 

north of Canada, Alaska and Russia, as well as northern Norway, Sweden and Finland 

(hereafter Fennoscandia), almost all Greenland and the North Iceland coast. For the 

purposes of this review, the Arctic was defined following the Circumpolar Arctic 
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Vegetation Map, some of which may fall north or south of the Arctic circle, but which 

is most ecologically relevant (Figure 2.1). Arctic-breeding birds were defined as 

populations that nest within the Arctic regardless of their winter range. This included 

species with a breeding range partially in the Arctic as well as those that only penetrate 

the Arctic in places, because there is evidence that these are expanding their range 

into the true Arctic (Elmhagen et al., 2015). Climate change was defined as the shift 

in global climate patterns apparent from the mid-20th century onwards, industrial 

activity comprised any economic and agricultural enterprise from the mid-20th century 

onwards and harvest was defined as the hunting of birds or taking of eggs for 

subsistence or sport. Currently available literature was examined with five aims: i) 

summarise demographic trends among Arctic-breeding bird species; ii) identify the 

primary impacts of climate change on Arctic-breeding birds; iii) identify the primary 

impacts of industrial activity on Arctic-breeding birds; iv) determine the current impact 

of harvest on Arctic-breeding birds; and v) identify knowledge gaps in circumpolar 

monitoring 

 
Figure 2.1 Map of the Arctic demarking the Arctic circle and the Circumpolar Arctic Vegetation Map 
(CAVM) boundary, as well as the location of the Arctic countries 
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A scoping review was completed based on framework developed by Arksey and 

O’Malley (2005). The search was performed using three online databases: Web of 

Science, BIOSIS and Biological Science Abstracts. Unpublished research from 

governmental and non-governmental organisation reports (grey literature) was 

included in the search. An inclusion date from 1 January 2009 to 31 December 2019 

was chosen as a practical timespan for recent trends. Peer-reviewed scientific papers 

(published either online or in journal editions) and grey literature, including those in 

foreign languages, were accepted. The databases and respective search terms and 

refinements are outlined in Table 2.1. Following the database search, additional 

articles were handpicked from Google Scholar from 2018 and 2019 to ensure recent 

articles not yet available on databases were accessible. Search terms were entered 

into Google Scholar (see Table 2.1) and articles with relevant titles were handpicked 

from the list of returns until a saturation point was reached where no new articles were 

being discovered. Finally, the bioRxiv preprint repository was searched for articles 

posted in 2019 (Table 2.1). 

 

The total list of articles from the three databases, Google Scholar and bioRxiv was 

refined by two independent reviewers by screening the title and abstract for the 

following inclusion criteria: i) reported demographic trends of an Arctic-breeding bird 

population; and ii) evaluated one or more impacts of climate change, industrial activity 

or harvest on Arctic-breeding birds. The list of selected articles was refined further by 

applying the same inclusion criteria to the full text. Lastly, the bibliographies of the final 

list of articles were screened for additional relevant articles from 1 January 1999 to 31 

December 2019 and articles were sought and received from other researchers in the 

field. 
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Table 2.1 Scoping review framework. The online databases used in the scoping review are specified, 
along with the relevant search terms and refinements (including time period). 

database search terms refinements 

Web of Science 
Core Collection 

‘Arctic’ AND ‘breeding’ AND ‘bird’ AND 
‘population trend’ 

Jan 2009 to Dec 2019 
inclusive, articles pertaining to 
Ecology, Ornithology, 
Biodiversity Conservation and 
Zoology 

BIOSIS 
Zoological 
Record 1 

‘bird’ AND ‘population’ AND (‘Arctic Alaska’ OR 
‘Arctic Canada’ OR ‘Arctic Russia’ OR ‘Arctic 
Fennoscandia’ OR ‘Greenland’ OR ‘Arctic 
Iceland’)  

Jan 2009 to Dec 2019 
inclusive, articles pertaining to 
Aves 

BIOSIS 
Zoological 
Record 2 

‘Arctic’ AND ‘population trend’ AND (‘auk’ OR 
‘cormorant’ OR ‘skua’ OR ‘tern’ OR ‘gull’ OR 
‘swan’ OR ‘goose’ OR ‘duck’ OR ‘wader’ OR 
‘loon’ OR ‘bird of prey’ OR ‘songbird’ OR ‘fowl’) 

Jan 2009 to Dec 2019 
inclusive 

Biological 
Science 
Abstracts 

‘Arctic breeding’ AND ‘bird’ AND ‘population 
trend’ 

Jan 2009 to Dec 2019 
inclusive, articles pertaining to 
Arctic region (location) and 
birds (subject) 

Google Scholar ‘Arctic’ AND ‘bird’ AND ‘trend’ Year 2018 and 2019 

bioRxiv ‘Arctic’ AND ‘breeding’ AND ‘bird’ AND ‘trend’ 
Year 2019, articles pertaining 
to Ecology and Zoology 

 

Results 

A total of 345 abstracts were screened (254 articles from online databases and Google 

Scholar searches and an additional 91 articles sourced from bibliographies and 

received from other researchers). A final total of 176 articles were selected (160 peer-

reviewed journal papers, 15 grey literature articles and 1 preprint) presenting the most 

recent demographic information about Arctic-breeding birds (full list available in 

Supplementary Material 2.1). Research was most inclined toward Canada, with 58 

articles pertaining to Canadian Arctic breeding sites or species, compared to 36 

pertaining to Fennoscandia (including the island of Svalbard), 32 pertaining to 

Greenland, 30 pertaining to Alaska, 25 pertaining to Russia and 10 pertaining to 

Iceland. It should be noted that some Norwegian, Swedish, Finnish, Russian or 

Icelandic language articles may not have been returned by our English language 

search terms. 

 

The most frequently studied guild was seabirds (Stercorariidae, Alcidae, Laridae 

Procellariidae, Sulidae and Phalacrocoracidae) followed by waterfowl (Anatidae), 

waders (Haematopodidae, Charadriidae and Scolopacidae), passerines (Corvidae, 
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Alaudidae, Phylloscopidae, Turdidae, Muscicapidae, Motacillidae, Fringillidae, 

Calcariidae, Passerellidae and Parulidae), raptors (Accipitridae, Strigidae and 

Falconidae), grouse (Phasianidae), divers (Gaviidae) and cranes (Gruidae). Of 199 

Arctic-breeding species identified in the Arctic Biodiversity Assessment (Ganter and 

Gaston, 2013), information on 143 (and 8 additional subspecies) was returned under 

our search terms. Of large guilds (>10 species), waders were best represented, 

followed by waterfowl, seabirds and passerines. The remaining guilds were small (<10 

species) and thus all well represented (Table 2.2). Studies on species such as 

Gyrfalcon Falco rusticolus were not returned under our search terms, despite being 

emblematic Arctic residents. A subsequent hand search revealed no suitable articles 

during our time frame (though Franke et al., 2020, has published since). 

 

Table 2.2 For each guild, the percentage of articles in which the guild was studied, the total number of 
Arctic-breeding species and the total number of species returned in the results are presented. Also, the 
number of species’ trends reported in the literature are presented with a breakdown of positive (i.e. 
upward or stable), negative (i.e. downward) and uncertain (i.e. mixed or unknown) trends. Note, 
separate trends were reported for subspecies, where possible 

Guild returns trends 

 articles 
Arctic-breeding 

species1 
species 
returned 

reported positive negative uncertain 

seabird 49% 39 29 26 7 4 15 

waterfowl 38% 39 32 39 25 11 3 

wader 28% 59 48 46 21 22 3 

passerine 14% 44 22 13 5 6 2 

raptor 8% 9 5 5 3 2 0 

grouse 7% 2 2 2 0 1 1 

diver 7% 5 4 4 3 1 0 

crane 2% 2 1 1 1 0 0 
1from Ganter and Gaston, 2013 

 

Trends in Arctic-breeding birds 

To our knowledge, this is the first scoping review to incorporate the latest publications 

on developments and trends in Arctic-breeding birds from the 21st century. Of 26 

seabird species, upward or stable trends were reported in 7 species, but downward 

trends were recorded in 4 species, particularly Ivory Gull Pagophila eburnea and 

Black-headed Gull Chroicocephalus ridibundus. This guild showed the highest number 

of mixed or uncertain trends, with local variation among population trends of a single 

species evident in several cases e.g. Black-legged Kittiwake Rissa tridactyla, 

Glaucous Gull Larus hyperboreus and Arctic Tern Sterna paradisaea (Table 2.3). 
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Trends among waterfowl species were generally positive. In striking contrast to other 

bird guilds, Arctic-breeding goose populations underwent veritable population 

explosions during the 20th century. Of 18 goose species or subspecies trends reported, 

10 showed major increasing trends and a further 4 were upward or stable. The global 

Barnacle Goose Branta leucopsis and Pink-footed Goose Anser brachyrhynchus 

populations have increased several-fold throughout their range since the 1950s and 

substantial increases also occurred in the global population of Snow Goose Anser 

caerulescens and Ross’s Goose Anser rossii. The remaining 4 goose species or 

subspecies reported showed downward trends, particularly Greenland White-fronted 

Goose Anser albifrons flavirostris. Of 21 duck and swan species or subspecies 

reported, 11 showed upward or stable trends while 7 ducks showed downward trends 

(Table 2.4). 

 

In contrast to pelagic birds and waterfowl, trends in wader populations showed a more 

even distribution of positive and negative trends. Of 46 trends reported in the literature, 

21 were upward or stable. A total of 22 were downward, most notably Spoon-billed 

Sandpiper Calidris pygmaea, Lesser Yellowlegs Tringa flavipes and Eskimo Curlew 

Numenius borealis, the latter of which may be extinct (Table 2.5). It was also clear 

from the literature that the general wader trends among the major flyways are variable 

– East Atlantic flyway populations are thriving in comparison to other flyways, 

especially compared to the East Asian-Australasian flyway (Weiser, Lanctot, et al., 

2018; Meltofte et al., 2019). Passerines also showed a more even distribution of 

positive and negative trends. Of 13 trends reported in the literature, 5 were upward or 

stable - most notably Raven Corvus corax - and 6 were downward (Table 2.6). 

 

Literature reporting trends beyond seabirds, waterfowl, waders and passerines was 

restricted to fewer authors and these guilds were small (<10 species). The recovery of 

Arctic-breeding raptors following historic losses was a strong focus of articles 

concerning this guild. For example, Peregrine Falcon Falco peregrinus numbers have 

been recovering in Alaska since the 1980s following control of pesticides such as 

dichlorodiphenyltrichloroethane (Bruggeman et al., 2015). Trends in grouse were 

negative or uncertain, while trends in divers and cranes were largely positive (Table 

2.7). 
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Table 2.3 Recent population trends and impacts to Arctic-breeding seabirds reported in the literature, according to Arctic nation or region. Breeding status 
(following Ganter and Gaston 2013) and migration status (following del Hoyo et al. 2020) are indicated: 1 - breeding confined to Arctic, 2 - majority breeding in 
Arctic, 3 - partial Arctic breeder, 4 - breeders only penetrate Arctic in places, A - resident, B - dispersive, C - partial migrant, D – short-distance migrant (to 
Northern Europe, Canada, Alaska or Northern Asia), E – long-distance migrant (to United States or Central America, Southern Europe, Northern Africa and 
Central or South-west Asia, or crosses Atlantic Ocean), F - transhemisphere migrant. The latest trends reported in the literature are summarised as ↑↑ major 
increase, ↑ moderate increase, ↔ stable, ↓ moderate decline, ↓↓  major decline, ↕ mixed or ― uncertain, alongside International Union for Conservation of 
Nature (IUCN) global trend status 

species  latest trend in Arctic populations trend years measured IUCN 

Great Skua Stercorarius 
skua3E 

↑ increase in Fennoscandia (Lapland) between 1990s and 
2000sI. No information for Iceland or Russia 

1996-2005I Stable 

Pomarine Skua Stercorarius 
pomarinus1F 

↓ appears stable in Russia (Pyasina Delta) between 1990s and 
2000sIII but appears to have declined in Alaska (Yukon-
Kuskokwim Delta) since 1980sIV. No information for Canada or 
Greenland 

1993-2008III, 1988-2016IV Stable 

Arctic Skua Stercorarius 
parasiticus2F 

― appears to have declined in Alaska (Yukon-Kuskokwim Delta) 
since 1980sIV but stable in Canada (Ellesmere Island) between 
1980s and 2000sVI. No information for Fennoscandia, 
Greenland, Iceland or Russia 

1988-2016IV, 1980-2008VI Stable 

Long-tailed Skua 
Stercorarius longicaudus1F 

↔ stable in Russia (Taimyr) between 1990s and 2000sIII,XI, in 
Canada since 1980sVII,X, in Fennoscandia (Lapland) since 
2000sIX and in Greenland between 1990s and 2000sVIII. 

Possible decline at one site (Yukon-Kuskokwim Delta) in 
Alaska since 1980sIV 

1993-2008III, 2004-2012VII, 1995-
2006VIII, 2002-2012IX, 1983-2011X, 
1988-2016IV, 1996-2005XI 

Stable 

Common Guillemot Uria 
aalge3B 

― decline in Iceland since 1990s following earlier increaseXIX,XXIII 

and mixed trends in Fennoscandia since 1980sI,XVIII with 
fluctuations in RussiaXXI and CanadaXXII in 1980s and 1990s. 
No information for Alaska or Greenland 

1980-2005I, 1988-2013XVIII, 
1980s-2005XIX, 1999-2005XXI, 
1980-2006XXII, 1983-2008XXIII 

Increasing 

Brünnich's Guillemot Uria 
lomvia2B 

↕ overall decline in FennoscandiaI,XVIII and GreenlandXXVI,XXVII 

since 1980s and in Iceland between 1980s and 2000sXIX,XXIII. 

Increase in Canada between 1970s and 1980s then stable to 
2000sXXV. Stable in Russia (Murman) in 2000sXXI. No 
information for Alaska 

1984-2005I, 1988-2013XVIII, 
1980s-2005XIX, 1970s-2008XXV, 
1995-2005XXI, 1981-2011XXVI, 
1983-2008XXIII, 1999-2017XXVII 

Increasing 

Razorbill Alca torda3B ↕ increase in Fennoscandia since 1980sXVIII, decline in Iceland 
since 2000s following earlier increaseXIX,XXIII. No information for 
Canada or Greenland 

1988-2013XVIII, 1980s-2005XIX, 
1983-2008XXIII 

Decreasing 

Atlantic Puffin Fratercula 
arctica3B 

↕ mixed trends in Fennoscandia since 1980sI,XVIII. No information 
for Canada, Greenland, Iceland or western Russia 

1979-2005I, 1988-2013XVIII Decreasing 
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species  latest trend in Arctic populations trend years measured IUCN 

Black-legged Kittiwake Rissa 
tridactyla2D 

↕ decline in FennoscandiaI,XVIII,XXI, GreenlandXXXII,XXVII and 
IcelandXIX since 1980s and stable in Russia (Murman) since 
1960sXXI. Overall increase in Canada between 1970s and 
2000sXXV,XXXIII stable until 1980s and then increase up to 
2000sXXV. No information for Alaska 

1979-2005I, 1988-2013XVIII, 
1980s-2005XIX, 1975-2008XXV, 
1999-2005XXI, 1987-2008XXXII, 
1972-2007XXXIII, 1999-2017XXVII 

Decreasing 

Ivory Gull Pagophila 
eburnea1B 

↓ decline in Canada between 1970s and 2000sXXXVI, appears to 
also be declining in Greenland (declines in the south, uncertain 
trends in the north) in 2000sXXXVII. No information for Svalbard 
or western Russia 

1970-2003XXXVI, 2003-2008XXXVII Decreasing 

Sabine's Gull Xema sabini1F ↕ increase in AlaskaXL,XLI,IV,XLIV and stable in Canada (Cambridge 
Bay)X but decline in Russia (Chukotka)XLIII since 1980s. No 
information for Greenland or Svalbard 

1992-2016XL, 1985-2016XLI, 1983-
2011X, 1989-2013XLIII, 1992-
2016IV, 1986-2017XLIV 

Stable 

Black-headed Gull 
Chroicocephalus 
ridibundus4C 

↓↓ decline in Iceland between 1990s and 2000sXLV 1990-2000XLV Unknown 

Common Gull Larus canus4D ↑ increase in Alaska (Yukon-Kuskokwim Delta) since 1980sXLI,IV. 

No information for Alaska, Iceland, Fennoscandia or Russia 
1985-2016XLI, 1992-2016IV Unknown 

American Herring Gull Larus 
argentatus smithsonianus3E 

― decline in Canada (Belcher Islands) between 1980s and 
1990sXLVI but increases recorded in some areas (Cape 
Churchill) by 2000sXLVII 

1980s-1997XLVI, 1984-2000XLVII Decreasing 

Vega Gull Larus argentatus 
vegae2E 

↑ appears to have increased in Russsia (Chukotsky) since 
1980sXLIII,XLVIII 

1989-2013XLIII, 1986-2002XLVIII Not 
available 

European Herring Gull Larus 
argentatus 
argentatus/argenteus4C 

↕ increase in GreenlandXLIX but decline in FennoscandiaXVIII since 
1980s. No information for Iceland or eastern Russia 

1980s-2010sXLIX, 1988-2013XVIII Decreasing 

Iceland Gull Larus 
glaucoides1C 

↔ stable in Canada (Digges Sound) since 1980sLI. No information 
for Greenland 

1980s-2000sLI Stable 

Thayer's Gull Larus 
glaucoides thayeri1E 

↔ stable in Canada since 1980sLI,X. No information for Greenland 1983-2009LI, 1983-2011X Not 
available 

Lesser Black-backed Gull 
Larus fuscus4F 

― mixed trends in Fennoscandia (Norwegian Sea) between 
1980s and 2010sI,XVIII, increase in Greenland since 1980sXLIX. 

No information for Iceland or Russia 

1980-2005I, 1980s-2010sXLIX, 
1988-2013XVIII 

Increasing 
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species  latest trend in Arctic populations trend years measured IUCN 

Glaucous Gull Larus 
hyperboreus2C 

↕ increase in Alaska since 1990sXL,XLI,IV,XLIV, in Russia since 
1980sLVI,XLIII,XLVIII and stable in Greenland between 1980s and 
2000sLVI. Decline in Fennoscandia (Bjørnøya) since 1990sXVIII 

and in Iceland since 1980s following earlier increasesLV. 

Decline in Canada between 1970s and 2000sXXV,XLVI with 
increases in later yearsX,LIII 

1992-2016XL, 1988-2013XVIII, 
1985-2016XLI, 1970s-2000sXXV,  
1980s-1997XLVI, 1983-2011X, 
2002-2012LIII, 1950s-2009LV, 
1988-2008LVI, 1989-2013XLIII, 
1992-2016IV, 1986-2002XLVIII, 
1992-2017XLIV 

Stable 

Great Black-backed Gull 
Larus marinus 
4C 

― appears to be overall decreasing in Europe (including Iceland) 
since 1990sLIX, stable in Fennoscandia (Norwegian Sea) 
between 1980s and 2000sI but decreasing (in Barents Sea) in 
2010sXVIII. Increase in Greenland since 1960sXLIX. No 
information for Canada or eastern Russia 

1989-2005I, 1960s-2010sXLIX, 
1988-2013XVIII, 1994-2016LIX 

Unknown 

Arctic Tern Sterna 
paradisaea2F 

↕ increase in Alaska in since 1980sXL,XLI,IV,XLIV and stable in 
Fennoscandia between 1980s and 2000sI. Decline in 
Greenland since 1960sLX and in Russia (Chukotsky) since 
1980sXLVIII. Decline also in Canada since 1980sXLVI,X,LIII,XLVII,VI 

and decline is predicted to continueLXI. No information for 
Iceland 

1992-2016XL, 1989-2005I, 1960s-
2017LX, 1985-2016XLI, 1980s-
1997XLVI, 1983-2011X, 2002-
2013LIII, 1984-2000XLVII, 1992-
2016IV, 1986-2002XLVIII, 1980-
2008VI, 1992-2017XLIV 

Decreasing 

Northern Fulmar Fulmarus 
glacialis2B 

↓ decline in Fennoscandia since 1980sI,XVIII and in Iceland 
between 1980s and 2000sXIX. Stable in Canada between 1970s 
and 2000s, although decline in some areas (Cape Searle)LXIII. 

No information for Alaska, Greenland or Russia 

1993-2005I, 1988-2013XVIII, 
1980s-2005XIX, 1970s-2004LXIII 

Increasing 

Northern Gannet Morus 
bassanus4B 

↑ increase in Fennoscandia between 1960s and 2010sI,XVIII. No 
information for Iceland 

1946-2005I, 1988-2013XVIII Increasing 

Great Cormorant 
Phalacrocorax carbo4C 

↕ mixed trends in Fennoscandia between 1980s and 2010sI,XVIII. 

No information from Greenland or Iceland 
1974-2005I, 1988-2013XVIII Increasing 

European Shag 
Phalacrocorax aristotelis4A 

― increase in Fennoscandia between 1970s and 2000sI followed 
stable trends or decline in some areas (Barents Sea) in 
2010sXVIII. No information for Iceland 

1975-2005I, 1988-2013XVIII Decreasing 

 

species  anthropogenic impacts study year study sample size and location 

Great Skua Stercorarius 
skua3E 

↑ 
potentially threatened by organochlorine 
contaminationII 

2004II 10 samples from Kvísker, IcelandII 

Arctic Skua Stercorarius 
parasiticus2F 

― 
benefits from hyperabundant goose populations 
(increased prey)V 

2000-2016V 4 plots from east CanadaV 
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species  anthropogenic impacts study year study sample size and location 

Long-tailed Skua 
Stercorarius longicaudus1F 

↔ 
benefits from hyperabundant goose populations 
(increased prey)V 

2000-2016III 4 plots from east CanadaIII 

Little Auk Alle alle1B - 

threatened by heavy metal toxicity 
(mercury)XII,XIII and sea vessel activityXVII. Mixed 
effects of weather regime shifts and sea ice 
breakup phenology: warmer sea surface 
temperature and earlier spring sea ice breakup 
had a positive impact on breeding success in 
GreenlandXII but negative impact in 
SvalbardXIV,XV,XVI 

2009-2010XIII, 
1970-2016XVII, 
2004-2015XII, 2008-
2010XIV, 2006-
2013XV, 2007-
2016XVI 

135 samples from Kap Høegh, 
GreenlandXIII, Baffin Island, CanadaXVII, 
Kap Høegh, GreenlandXII, Isfjorden and 
Magdalenefjorden, SvalbardXIV, 
Bjørnøya, Isfjorden and Kongsfjorden, 
Barents SeaXV, 34 nests from Isfjorden, 
Barents SeaXVI 

Common Guillemot Uria 
aalge3B 

― 
threatened by overharvest and bycatchXXII. No 
apparent impact of organochlorine 
contaminationXX 

1980-2006XXII, 
2002XX 

11 plots from Cape St. Mary's, 
CanadaXXII, 10 samples from 
Vestmannaeyjar Islands, IcelandXX 

Brünnich's Guillemot Uria 
lomvia2B 

↕ 

Low-Arctic populations are threatened by earlier 
sea-ice break up while high-Arctic populations 
benefit from itXXIV. Threatened by overharvestXXVI 

and sea vessel activityXVII 

1975-2003XXIV, 
1981-2011XXVI, 
1983-2016XVII 

Coats Island and Prince Leopold Island, 
CanadaXXIV, Greenland populationXXVI, 
Baffin Island, CanadaXVII 

Black Guillemot Cepphus 
grylle2B 

- 
threatened by diminishing sea iceXXIX, 
bycatchXXX and potentially threatened by heavy 
metal toxicity (mercury)XXVIII 

2010XXVIII, 2009XXX, 
1975-2012XXIX 

17 samples from north-west 
GreenlandXXVIII, 3 fisheries off the 
Norwegian coastXXX, Cooper Island, 
AlaskaXXIX 

Black-legged Kittiwake Rissa 
tridactyla2D 

↕ 

threatened by organochlorine contamination 
and heavy metal toxicity (mercury)XXXI, 
potentially threatened by phenological 
mismatchXXXIV 

2007-2010XXXI, 
1970-2008XXXIV 

105 samples for mercury and 138 
samples for organochlorines from 
Kongsfjorden, SvalbardXXXI, Hornsund, 
SvalbardXXXIV 

Ivory Gull Pagophila 
eburnea1B 

↓ 
threatened by heavy metal toxicity 
(mercury)XXXV,XXXIX and potentially threatened by 
organochlorine contaminationXXXVIII 

1996-2004XXXV, 
2009-2011XXXIX, 
2011-2014XXXVIII 

24 samples from Seymour Island, 
CanadaXXXV, 15 samples from 
CanadaXXXIX, 4 colonies from 
Barentsøya, SvalbardXXXVIII 
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species  anthropogenic impacts study year study sample size and location 

Sabine's Gull Xema sabini1F ↕ 
no impact of heavy metal toxicity (mercury) but 
potentially threatened by organochlorine 
contaminationXLII 

2004-2005XLII 5 samples from Nasaruvaalik CanadaXLII 

Ross's Gull Rhodostethia 
rosea1B 

- 
limited evidence suggests potentially threatened 
by organochlorine contaminationXLII 

2004-2005XLII 
1 sample from Nasaruvaalik Island, 
CanadaXLII 

American Herring Gull Larus 
argentatus smithsonianus3E 

― 
benefits from hyperabundant goose 
populationsV,XLVII 

2015-2016V, 1984-
2000XLVII 

4 plots from CanadaV, 30 transects on 
Cape Churchill, CanadaXLVII 

European Herring Gull Larus 
argentatus 
argentatus/argenteus4C 

↕ 
no impact of organochlorine contamination or 
heavy metal toxicityL 

2012L Sklinna and Røst, NorwayL 

Thayer's Gull Larus 
glaucoides thayeri1E 

↔ 
potentially threatened by organochlorine 
contaminationXLII 

2004-2005XLII 6 samples from Devil Island, CanadaXLII 

Lesser Black-backed Gull 
Larus fuscus4F 

― 
no apparent impact of organochlorine 
contaminationXX 

2003XX 8 samples from Sandgerdi, IcelandXX 

Glaucous Gull Larus 
hyperboreus2C 

↕ 

benefits from hyperabundant goose 
populationsV. Threatened by bycatchLVI, 
organochlorine contaminationLVIII, egg harvestLVI 

and diminishing sea ice (increased predation by 
ground predators)LVII. Potentially also threatened 
by heavy metal toxicityLII,LIV and sea vessel 
trafficLVI  

2015-2016V, 2004-
2005LVIII, 2004-
2014LVII, 1975-
2014LII, 1995-
1997LIV 

4 plots from CanadaV, 21 samples from 
Bjørnøya, SvalbardLVIII, Spitsbergen, 
Svalbard, and East GreenlandLVII, 22 
samples from Prince Leopold Island, 
CanadaLII, 55 samples from Bjørnøya, 
Svalbard, and Jan Mayen, Norwegian 
SeaLIV 

Great Black-backed Gull 
Larus marinus4C 

― 
no apparent impact of organochlorine 
contaminationXX 

2003XX 9 samples from Sandgerdi, IcelandXX 

Arctic Tern Sterna 
paradisaea2F 

↕ 
no apparent impact of organochlorine 
contaminationXX 

2003XX 6 samples from Sandgerdi, IcelandXX 
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species  anthropogenic impacts study year study sample size and location 

Northern Fulmar Fulmarus 
glacialis2B 

↓ 
threatened by bycatch in Canada, GreenlandLXII 

and FennoscandiaXXX. No apparent impact of 
organochlorine contaminationXX 

2011-2015LXII, 
2009XXX, 2002XX 

fishery in Nunavut, Canada, and West 
GreenlandLXII, 3 fisheries off the 
Norwegian coastXXX, 10 samples from 
Vestmannaeyjar Islands, IcelandXX 

European Shag 
Phalacrocorax aristotelis4A 

― 
no impact of organochlorine contamination or 
heavy metal toxicityL 

2012L Sklinna and Røst, NorwayL 
 

 

I Barrett, Lorentsen and Anker-Nilssen, 2006 XVIII Fauchald et al., 2015 XXXV Braune, Mallory and Gilchrist, 2006 LII Braune, Gaston and Mallory, 2016 
II Jörundsdóttir et al., 2013 XIX Gardarsson, 2006 XXXVI Gilchrist and Mallory, 2005 LIII Maftei, Davis and Mallory, 2015 
III de Raad, Mazurov and Ebbinge, 2011 XX Jörundsdóttir et al., 2010 XXXVII Gilg et al., 2009 LIV Malinga et al., 2010 
IV Swaim, 2017 XXI Krasnov, Barrett and Nikolaeva, 2007 XXXVIII Lucia et al., 2017 LV Petersen et al., 2014 
V Flemming, Nol, Kennedy, Bédard, et al., 2019 XXII Regular et al., 2010 XXXIX Mallory et al., 2015 LVI Petersen et al., 2015 
VI Trefry et al., 2010 XXIII Gardarsson, Gudmundsson and Lilliendahl, 2019 XL Amundson et al., 2019 LVII Prop et al., 2015 
VII Gauthier et al., 2013 XXIV Gaston, Gilchrist and Hipfner, 2005 XLI Fischer, Williams and Stehn, 2017 LVIII Sagerup et al., 2009 
VIII Hansen, Meltofte and Schmidt, 2009 XXV Gaston et al., 2009 XLII Peck et al., 2016 LIX van Roomen et al., 2018 
IX Lehikoinen et al., 2014 XXVI Merkel et al., 2014 XLIII Solovyeva and Zelenskaya, 2016 LX Burnham et al., 2017 
X Lok and Vink, 2012 XXVII Merkel et al., 2019 XLIV Wilson, Larned and Swaim, 2018 LXI Mallory et al., 2018 
XI van Kleef et al., 2009 XXVIII Burnham et al., 2018 XLV Petersen and Thorstensen, 2005 LXII Anderson et al., 2018 
XII Amélineau et al., 2019 XXIX Divoky, Lukacs and Druckenmiller, 2015 XLVI Gilchrist and Robertson, 1999 LXIII Gaston et al., 2006 
XIII Fort et al., 2014 XXX Fangel et al., 2015 XLVII Sammler et al., 2008  
XIV Hovinen, Wojczulanis-Jakubas, et al., 2014 XXXI Goutte et al., 2015 XLVIII Tomkovich and Soloviev, 2012  
XV Hovinen, Welcker, et al., 2014 XXXII Labansen et al., 2010 XLIX Boertmann and Frederiksen, 2016 

 

XVI Ramírez et al., 2017 XXXIII Mallory, Akearok and Gaston, 2009 L Huber et al., 2015 
 

XVII Wong et al., 2018 XXXIV Moe et al., 2009 LI Gaston, Mallory and Gilchrist, 2012 
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Table 2.4 Recent population trends and impacts to Arctic-breeding waterfowl reported in the literature, according to Arctic nation or region. Breeding status 
(following Ganter and Gaston 2013) and migration status (following del Hoyo et al. 2020) are indicated: 1 - breeding confined to Arctic, 2 - majority breeding in 
Arctic, 3 - partial Arctic breeder, 4 - breeders only penetrate Arctic in places, A - resident, B - dispersive, C - partial migrant, D – short-distance migrant (to 
Northern Europe, Canada, Alaska or Northern Asia), E – long-distance migrant (to United States or Central America, Southern Europe, Northern Africa and 
Central or South-west Asia, or crosses Atlantic ocean), F - transhemisphere migrant. The latest trends reported in the literature are summarised as ↑↑ major 
increase, ↑ moderate increase, ↔ stable, ↓ moderate decline, ↓↓  major decline, ↕ mixed or ― uncertain, alongside International Union for Conservation of 
Nature (IUCN) global trend status 

species  latest trend in Arctic populations trend years measured IUCN 

Emperor Goose Anser 
canagicus1C 

↑↑ 
increase in AlaskaXLI,LXIV since 1980s and small increase in 
Russia between 1980s and 2000sXLVIII 

1985-2016XLI, 1985-2015LXIV, 
1986-2002XLVIII 

Decreasing 

Lesser Snow Goose Anser 
caerulescens caerulescens2E 

↑↑ 
increase in AlaskaXL,LXVI,LXIV,LXVIII,XLIV, RussiaLXIV,LXVIII and 
CanadaLXVII,LXVIII,XLVII since 1970s and in Greenland since 
1990sLXV 

1992-2016XL, 1993-2012LXV, 
1976-2005LXVI, 1971-2015LXIV, 
1970s-1995LXVII, 1997-2009LXVIII, 
1984-2000XLVII, 1986-2017XLIV 

Increasing 

Greater Snow Goose Anser 
caerulescens atlanticus2E 

↑↑ 
increase in GreenlandLXV,LXIV and stable or increase in 
CanadaLXIV,VII since 1960s 

1993-2012LXV, 1965-2015LXIV, 
1993-2012VII 

Increasing 

Ross's Goose Anser rossii1E ↑↑ 
increase in Alaska and Canada since 1970sLXIV,LXVIII and 
Russia (Wrangle Island) since 1990sLXVIII 

1975-2014LXIV, 1997-2006LXVIII Increasing 

Greylag Goose Anser 
anser4D 

↑↑ 
increase in Iceland since 1960sLXIX,LXIV,LXX,LXXI. No information 
for Fennoscandia or Russia 

1960-2018LXIX, 1960-2013LXIV, 
1960-2009LXX, 1960-2008LXXI 

Increasing 

Greater White-fronted Goose 
Anser albifrons1E 

↑↑ 
increase in AlaskaXL,XLI,LXVI and CanadaLXVII,X since 1970s and 
overall increase in Russia in since 1950sIII,LXIV,LXX 

1992-2016XL, 1993-2008III, 1985-
2016XLI, 1976-2005LXVI, 1958-
2012LXIV, 1958-2009LXX, 1970s-
1995LXVII, 1983-2011X 

Unknown 

Greenland White-fronted 
Goose Anser albifrons 
flavirostris1D 

↓↓ 
decline in Greenland since 1990sLXIV,LXX,LXXI following earlier 
increasesLXXI 

1999-2014LXIV, 1999-2009LXX, 
1983-2007LXXI 

Unknown 

Lesser White-fronted Goose 
Anser erythropus1E 

↓ 
decline in Russia and Fennoscandia since 1990sLXIV,LXX but 
increase observed in Fennoscandia in 2010sLXIV 

1993-2016LXIV, 1993-2009LXX Decreasing 

Tundra Bean-Goose Anser 
serrirostris1E 

↔ 
increase in Fennoscandia between 1980s and 2000sLXX. 

Possible decline in Russia between 1980s and 2000sLXX but 
appears stable in Russia in 2010sLXIV 

1989-2009LXX 
Not 
available 

Pink-footed Goose Anser 
brachyrhynchus1D 

↑↑ 
increase in IcelandLXIX,LXIV,LXX,LXXV, GreenlandLXIX,LXIV,LXXV,LXXVI 

and SvalbardLXIV,LXX since 1960s and recently stabilisingLXIX 

1960-2017LXIX, 1960-2013LXIV, 
1950-1995LXX, 1960-1999LXXV, 
1974-2009LXXVI 

Increasing 

Dark-bellied Brent Goose 
Branta bernicla bernicla1D 

↔ 
increase in Russia since 1950s and stabilising since 
2000sLXIV,LXX,LXXI,LIX 

1956-2011LXIV, 1956-2009LXX, 
1960-2007LXXI, 1976-2016LIX 

Unknown 
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species  latest trend in Arctic populations trend years measured IUCN 

Light-bellied Brent Goose 
Branta bernicla hrota1E 

↓ 
increase in Svalbard and stabilising since 2000sLXIV,LXX,LXXI, but 
decline in Canada and GreenlandLXIV following earlier 
increaseLXIV,LXX,LXXI 

1987-2015LXIV, 1960-2009LXX, 
1960-2008LXXI 

Unknown 

Black Brant Branta bernicla 
nigricans1E 

↑ 
increase in Alaska in since 1970sXL,XLI,LXVI,XLIV, stableLXIV or 
potential evidence of declineX in Canada since 1990s. No 
information for Russia (Siberia) 

1992-2016XL, 1985-2016XLI, 1976-
2005LXVI, 1991-2011LXIV, 1983-
2011X, 1986-2017XLIV 

Unknown 

Barnacle Goose Branta 
leucopsis1D 

↑↑ 
increase in GreenlandLXIV,LXX,LXXI, RussiaLXIV,LXX,LIX and 
SvalbardLXIV,LXX,LXXI since 1950s 

1956-2014LXIV, 1956-2009LXX, 
1960-2008LXXI, 1976-2016LIX 

Increasing 

Cackling Goose Branta 
hutchinsii minima1E 

↑↑ increase in Alaska since 1980sXLI,LXIV 1985-2016XLI, 1985-2015LXIV Unknown 

Taverner's Cackling Goose 
Branta hutchinsii taverneri1E 

↓ 
overall decline since 1980sLXIV, including decline in CanadaX, 
although evidence of stableXLIV or increasingXL trends in parts of 
Alaska (Arctic Coastal Plain) 

1992-2016XL, 1986-2015LXIV, 
1983-2011X, 1986-2017XLIV 

Unknown 

Canada Goose Branta 
canadensis3E 

↑ 
increase in Greenland since 1990sLXV and in Canada between 
1970s and 1990sLXVII, stable in Alaska since 1970sLXVI 

1993-2012LXV, 1976-2005LXVI, 
1970s-1995LXVII 

Increasing 

Red-breasted Goose Branta 
ruficollis1E 

↑↑ increase in Russia since 1950sLXIV 1954-2008LXIV Decreasing 

Tundra Swan Cygnus 
columbianus columbianus1E 

↑ 
increase in Alaska since 1980sXL,XLI,LXXXII,XLIV, in Russia 
between 1980s and 2000sXLVIII,LXXXIII and stable in Canada 
since 1970sLXVII,X 

1992-2016XL, 1985-2016XLI, 
1970s-1995LXVII, 1983-2011X, 
1989-2000LXXXII, 1986-2002XLVIII, 
1986-2017XLIV 

Unknown 

Bewick's Swan Cygnus 
columbianus bewickii1E 

― 
increase in Russia (Siberia) between 1980s and 2000sLXXXIII, 
although declining trends observed in winter population 
censuses between 1990s and 2000sLXXXIV 

1986-2008LXXXIV, 1988-2000LXXXIII Unknown 

Whooper Swan Cygnus 
cygnus4C 

↑ 
increase in Iceland since 1980sLXXXVI and in Russia between 
1980s and 2000sLXXXIII. No information from Fennoscandia 

1986-2015LXXXVI, 1988-2000LXXXIII Unknown 

Northern Shoveler Spatula 
clypeata4D 

↓ 
stable on Arctic Coastal PlainXLIV and decline in Yukon-
Kuskokwim DeltaIV in Alaska since 1980s. No information for 
Canada 

1988-2016IV, 1986-2017XLIV Decreasing 

Eurasian Wigeon Mareca 
penelope2C 

↑ 
increase in Russia (Siberia) and Fennoscandia since 1970sLIX. 

No information for Iceland 
1976-2016LIX Decreasing 

American Wigeon Mareca 
americana4E 

↓ 
stable on Arctic Coastal PlainXLIV and decline on Yukon-
Kuskokwim DeltaIV in Alaska since 1980s. No information for 
Canada 

1988-2016IV, 1986-2017XLIV Stable 

Mallard Anas 
platyrhynchos4C 

↔ 
stable in Alaska since 1980sIV,XLIV. No information for Canada, 
Greenland or Iceland 

1988-2016IV, 1986-2017XLIV Increasing 
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species  latest trend in Arctic populations trend years measured IUCN 

Northern Pintail Anas acuta3D ↕ 
potential decline in AlaskaXL,IV,XLIV and CanadaX since 1980s. 
Increase in Iceland, Fennoscandia and Russia since 1970sLIX 

1992-2016XL, 1983-2011X, 1988-
2016IV, 1986-2017XLIV, 1976-
2016LIX 

Decreasing 

Eurasian Green-winged Teal 
Anas crecca4C 

↑↑ increase in Iceland, Fennoscandia and Russia since 1970sLIX 1976-2016LIX Unknown 

American Green-winged Teal 
Anas crecca carolinensis4E 

↓ 
stable on Arctic Coastal PlainXLIV and decline in Yukon-
Kuskokwim DeltaIV in Alaska since 1980s. No information for 
Canada 

1988-2016IV, 1986-2017XLIV Unknown 

Greater Scaup Aythya 
marila1C 

↓ 
decline in Alaska since 1980sIV. No information for Canada, 
Iceland, Fennoscandia or Russia 

1988-2016IV Decreasing 

Steller's Eider Polysticta 
stelleri1D 

↔ 
stable in Alaska since 1990sXL,XLIV. No information for 
Fennoscandia or Russia 

1992-2016XL, 1989-2017XLIV Decreasing 

Spectacled Eider Somateria 
fischeri1C 

↓ 
stable in Alaska since 1980sXL,XLI,IV,XLIV but decline in Russia 
since 2000sLXXXVIII 

1992-2016XL, 1985-2016XLI, 2003-
2016LXXXVIII, 1988-2016IV, 1992-
2017XLIV 

Decreasing 

King Eider Somateria 
spectabilis1C 

↕ 

decline in Alaska between 1970s and 1990sXCI, then increase 
since 1990sXL,XLIV. Decline in Canada since 1970sLXVII,X,XCI. 

Stable in Greenland between 1990s and 2000sXC. No 
information for Fennoscandia (Svalbard) or Russia 

1992-2016XL, 1970s-1995LXVII, 
1983-2011X, 1995-2005XC, 1976-
1996XCI, 1986-2017XLIV 

Decreasing 

Pacific Common Eider 
Somateria mollissima v-
nigrum2C 

↑ 

decline in Alaska and Canada between 1970s and 1990sXCI, 
but increasing in Alaska by 2010sIV,XLIV,XLI and appears stable 
in Canada in 2000sXCIII. No information for Russia (north-east 
Siberia) 

2001-2007XCIII, 1976-1996XCI, 
1988-2016IV, 1986-2017XLIV, 
1985-2016XLI 

Unknown 

Northern Common Eider 
Somateria mollissima 
borealis2C 

↑ 

decline in Greenland between 1960s and 2000sXCVII, but 
recovery since 2000sXCVIII,XCIX,XC. Fluctuations in parts of 
Canada since 1980sX, but increases reported between 2000s 
and 2010sLIII. No information for Iceland 

1965-2001XCVII, 2000-2007XCVIII, 
1997-2009XCIX, 1983-2011X, 2002-
2013LIII, 1995-2005XC 

Unknown 

Surf Scoter Melanitta 
perspicillata3C 

↔ stable in Alaska since 1980sXLIV. No information for Canada 1986-2017XLIV Decreasing 

White-winged Scoter 
Melanitta deglandi4C 

↑ 
increase in Alaska in since 1980sXL,XLIV. No information for 
Canada 

1992-2016XL, 1986-2017XLIV Decreasing 

Black Scoter Melanitta 
americana4D 

↓ 
stable in the Yukon-Kuskokwim DeltaIV but decline on the 
Arctic Coastal PlainXLIV in Alaska since 1980s. No information 
for Canada or Russia 

1988-2016IV, 1986-2017XLIV Decreasing 
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species  latest trend in Arctic populations trend years measured IUCN 

Long-tailed Duck Clangula 
hyemalis1C 

↓ 

stable  in Alaska since 1980sXL,IV,XLIV.  Stable (e.g. Cambridge 
BayX, Cape ChurchillXLVII and Ellesmere IslandVI) or decline 
(e.g. Rasmussen LowlandsLXVII) in Canada since 1970s. 
Decline in Russia (Chukotsky) between 1980s and 2000sXLVIII 

and in Greenland between 1990s and 2010sXC,XXVII. No 
information for Iceland or Fennoscandia 

1992-2016XL, 1995-2005XC, 
1970s-1995LXVII, 1983-2011X, 
1984-2000XLVII, 1988-2016IV, 
1986-2002XLVIII, 1980-2008VI, 
1986-2017XLIV, 1999-2017XXVII 

Decreasing 

Red-breasted Merganser 
Mergus serrator2C 

↑ 
increase in AlaskaXL,IV,XLIV and stable in Canada (Cambridge 
Bay) since 1980sX. No information for Greenland, Iceland, 
Fennoscandia (Lapland) or Russia 

1992-2016XL, 1983-2011X, 1988-
2016IV, 1986-2017XLIV 

Stable 

 

species  anthropogenic impacts study year study sample size and location 

Greater Snow Goose Anser 
caerulescens atlanticus2E 

↑↑ 
potentially threatened by phenological 
mismatchesVII 

1989-2012VII Bylot Island, CanadaVII 

Greater White-fronted Goose 
Anser albifrons1E 

↑↑ 
limited negative impact of industrial 
development and activity in AlaskaLXXII 

2013-2014LXXII Arctic Coastal Plain, AlaskaLXXII 

Greenland White-fronted 
Goose Anser albifrons 
flavirostris1D 

↓↓ reasons for decline uncertainLXXIII non-specific non-specific 

Pink-footed Goose Anser 
brachyrhynchus1D 

↑↑ benefits from warmer springsLXXIV 1981-2011LXXIV Spitsbergen population, SvalbardLXXIV 

Dark-bellied Brent Goose 
Branta bernicla bernicla1D 

↔ 
benefit from warmer springs, potential threat of 
disrupted lemming cycles (thought to be the 
reason for the slowing growth rate)LXXVII 

1960-2008LXXVII Taimyr population, RussiaLXXVII 

Light-bellied Brent Goose 
Branta bernicla hrota1E 

↓ threatened by phenological mismatchesLXXVIII 1989-2012LXXVIII Svalbard populationLXXVIII 

Barnacle Goose Branta 
leucopsis1D 

↑↑ 

threatened by phenological mismatchesLXXIX and 
increased nest predation due to diminishing sea 
iceLVII. Limited negative impact of mercury 
toxicityLXXX 

2003-2015LXXIX, 
2004-2014LVII, 
2014LXXX 

Russian populationLXXIX, Spitsbergen, 
Svalbard, and east GreenlandLVII, 16 
samples from Spitsbergen, SvalbardLXXX 

 

 
 
 
 
 
 

   



Manuscript I 

28 

 

species  anthropogenic impacts study year study sample size and location 

Canada Goose Branta 
canadensis3E 

↑ threatened by phenological mismatchesLXXXI 1993-2010LXXXI Akimiski Island, CanadaLXXXI 

Tundra Swan Cygnus 
columbianus columbianus1E 

↑ no apparent impact of industrial disturbanceLXXXII 1989-2000LXXXII Arctic Coastal Plain, AlaskaLXXXII 

Bewick's Swan Cygnus 
columbianus bewickii1E 

― reasons for decline uncertainLXXXIV,LXXXV non-specific non-specific 

Steller's Eider Polysticta 
stelleri1D 

↔ 

no impact of organochlorine contamination and 
no impact of heavy metal toxicity except 
potentially cadmium, copper, lead and 
seleniumLXXXVII 

1991-1995LXXXVII 
10 samples from Indigirka River Delta, 
Russia, and Kotzebue, Togiak and 
Barrow, AlaskaLXXXVII 

Spectacled Eider Somateria 
fischeri1C 

↓ 

no impact of organochlorine contaminationLXXXVII 

and limited impact of heavy metal toxicityLXXXIX 

except potentially cadmium, copper, lead and 
seleniumLXXXVII 

1991-1995LXXXVII, 
1995-1996LXXXIX 

38 samples from Indigirka River Delta, 
Russia, and Yukon-Kuskokwim Delta, 
Saint Lawrence Island and Barrow, 
AlaskaLXXXVII, 94 samples from Arctic 
Coastal Plain, AlaskaLXXXIX 

King Eider Somateria 
spectabilis1C 

↕ 

no impact of organochlorine contaminationLXXXVII 

and limited impact of heavy metal toxicityLXXXIX 

except potentially cadmium, copper, lead and 
seleniumLXXXVII 

1991-1995LXXXVII, 
1995-1996LXXXIX 

54 samples from Barrow, AlaskaLXXXVII, 
15 samples from Arctic Coastal Plain, 
AlaskaLXXXIX 

Pacific Common Eider 
Somateria mollissima v-
nigrum2C 

↑ 

no impact of industrial development (except 
possibly an increase in predators associated 
with infrastructure)XCII. No impact of 
organochlorine contaminationLXXXVII,XCIV or heavy 
metal toxicityXCIV except potentially cadmium, 
copper, seleniumLXXXVII and leadLXXXVII,XCV 

2000-2002XCII, 
1991-1995LXXXVII, 
non-specificXCIV, 
2000-2014XCV 

Simpson Lagoon, AlaskaXCII, 51 samples 
from the Aleutian Islands, Yukon-
Kuskokwim Delta and Saint Lawrence 
Island, AlaskaLXXXVII, non-specificXCIV, 
Prudhoe Bay, AlaskaXCV 

Northern Common Eider 
Somateria mollissima 
borealis2C 

↑ 

formerly threatened by overharvest but now 
benefiting from protection from overharvest in 
GreenlandXCVIII,XCIX and CanadaXCVI. No impact 
of organochlorine contaminationXX,XCIV or heavy 
metal toxicityXCIV. Mixed effects of warmer 
springs with earlier sea ice breakup (links to 
predation pressure)C,CI,LVII. Threatened by 
bycatchCIII and evidence of disorientation and 
collision with ship searchlights around 
GreenlandCII 

2001-2007XCVIII, 
2009XCIX, 2003XX, 
non-specificXCIV, 
1981-2011C, 1988-
2012CI, 2004-
2014LVII,2006-
2008CII,2001-
2002CIII 

West GreenlandXCVIII, Avanersuaq, West 
GreenlandXCIX, 10 samples from 
Sandgerdi, IcelandXX, non-specificXCIV, 
Spitsbergen population, SvalbardC, 
Hudson Bay population, CanadaCI, 
Spitsbergen population, SvalbardLVII, 
south GreenlandCII, CIII 
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species  anthropogenic impacts study year study sample size and location 

Long-tailed Duck Clangula 
hyemalis1C 

↓ 
no impact of industrial activity but potentially 
threatened by heavy metal toxicityXCII, especially 
leadXCV 

2001 (industrial 
activity study) and 
2000 (heavy metal 
study)XCII, 2000-
2014XCV 

246 samples from Simpson Lagoon, 
Alaska (testing impact of industrial 
activity) and 20 samples from Beaufort 
Sea, Alaska (testing heavy metals)XCII, 
Prudhoe Bay, AlaskaXCV 

 

 

III de Raad, Mazurov and Ebbinge, 2011 LIX van Roomen et al., 2018 LXXVII Nolet et al., 2013 XCI Suydam et al., 2000 
IV Swaim, 2017 LXIV Fox and Leafloor, 2018 LXXVIII Clausen and Clausen, 2013 XCII Flint et al., 2003 
VI Trefry et al., 2010 LXV Burnham et al., 2014 LXXIX Lameris et al., 2018 XCIII Hoover, Dickson and Dufour, 2010 
VII Gauthier et al., 2013 LXVI Flint et al., 2008 LXXX van den Brink et al., 2018 XCIV Mallory, Braune, et al., 2004 
X Lok and Vink, 2012 LXVII Hines, Kay and Wiebe, 2003 LXXXI Brook et al., 2015 XCV Miller et al., 2016 
XX Jörundsdóttir et al., 2010 LXVIII Kerbes, Meeres and Alisauskas, 2014 LXXXII Ritchie et al., 2002 XCVI Gilliland et al., 2009 
XXVII Merkel et al., 2019 LXIX Brides, Mitchell and Auhage, 2019 LXXXIII Syroechkovski, 2002 XCVII Merkel, 2004a 
XL Amundson et al., 2019 LXX Fox et al., 2010 LXXXIV Rees and Beekman, 2010 XCVIII Merkel, 2010a 
XLI Fischer, Williams and Stehn, 2017 LXXI Mitchell et al., 2010 LXXXV Wood et al., 2016 XCIX Burnham et al., 2012 
XLIV Wilson, Larned and Swaim, 2018 LXXII Meixell and Flint, 2017 LXXXVI Hall et al., 2016 C Hanssen et al., 2013 
XLVII Sammler, Andersen and Skagen, 2008 LXXIII Fox et al., 2006 LXXXVII Stout et al., 2002 CI Iverson et al., 2014 
XLVIII Tomkovich and Soloviev, 2012 LXXIV Jensen et al., 2014 LXXXVIII Solovyeva et al., 2018 CII Merkel, 2010b 
LIII Maftei, Davis and Mallory, 2015 LXXV Mitchell and Hearn, 2004 LXXXIX Wilson, Petersen and Troy, 2004 CIII Merkel, 2004b 
LVII Prop et al., 2015 LXXVI Meltofte and Dinesen, 2010 XC Meltofte, 2006a 
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Table 2.5 Recent population trends and impacts to Arctic-breeding waders reported in the literature, according to Arctic nation or region. Breeding status 
(following Ganter and Gaston 2013) and migration status (following del Hoyo et al. 2020) are indicated: 1 - breeding confined to Arctic, 2 - majority breeding in 
Arctic, 3 - partial Arctic breeder, 4 - breeders only penetrate Arctic in places, A - resident, B - dispersive, C - partial migrant, D – short-distance migrant (to 
Northern Europe, Canada, Alaska or Northern Asia), E – long-distance migrant (to United States or Central America, Southern Europe, Northern Africa and 
Central or South-west Asia, or crosses Atlantic Ocean), F - transhemisphere migrant. The latest trends reported in the literature are summarised as ↑↑ major 
increase, ↑ moderate increase, ↔ stable, ↓ moderate decline, ↓↓  major decline, ↕ mixed or ― uncertain, alongside International Union for Conservation of 
Nature (IUCN) global trend status 

species  latest trend in Arctic populations trend years measured IUCN 

Eurasian Oystercatcher 
Haematopus ostralegus4C 

↔ stable in RussiaCIV,LIX , FennoscandiaCV,LIX and IcelandLIX since 
1970s 

1994-2008CIV, 2002-2013CV, 1976-
2016LIX 

Decreasing 

Grey Plover Pluvialis 
squatarola1F 

↔ recently stabilising in Canada following long-term decline since 
1970sCVI,X,CX. Decline in Russia between 1980s and 2000sXLVIII 

but stable trends sinceIII,CIV and overall increase between 
1970s and 2010sLIX. No information for Alaska 

1980s-2010sCVI, 1993-2008III, 
1994-2008CIV, 1983-2011X, 
1970s-1990sCX, 1986-2002XLVIII, 
1979-2016LIX 

Decreasing 

European Golden Plover 
Pluvialis apricaria2E 

↔ stable in Fennoscandia since 1980sCXI,IX,CV, stable or increase 
in Russia (Kolguev Island) since 1990sCIV. No information for 
Greenland or Iceland 

1980-2011CXI, 1994-2008CIV, 
2002-2012IX, 2002-2013CV 

Increasing 

American Golden Plover 
Pluvialis dominica1F 

↓ decline in Alaska and Canada since 1970sCVI,X,CX. No 
information from eastern Russia 

1980s-2010sCVI, 1983-2011X, 
1970s-1990sCX 

Decreasing 

Pacific Golden Plover 
Pluvialis fulva1F 

↓ some decline in Russia since 1990sIII,XI. No information from 
Alaska 

1993-2008III, 1996-2005XI Decreasing 

Common Ringed Plover 
Charadrius hiaticula2E 

↕ stable in Russia since 1980sIII,XLVIII,XI, decline in Greenland 
(Zackenberg) between 1990s and 2000sCXIV and in Canada 
and Iceland since 1980sLIX, increasing in Fennoscandia since 
2000sCV,LIX 

1993-2008III, 1996-2005CXIV, 
2002-2013CV, 1986-2002XLVIII, 
1996-2005XI, 1980-2017LIX 

Decreasing 

Semipalmated Plover 
Charadrius semipalmatus2F 

↔ increase in Canada since 1980s and recently stabilisedCVI,X. No 
information for Alaska or Eastern Russia 

1980s-2010sCVI, 1983-2011X Stable 

Eurasian Dotterel Charadrius 
morinellus1E 

↔ stable in Fennoscandia (Lapland) since 1980sCXI,CV. No 
information from Russia 

1980-2011CXI, 2002-2013CV Decreasing 

Whimbrel Numenius 
phaeopus2F 

↓ decline in Alaska and Canada since 1980sCVI, stable in 
Fennoscandia since 2000sCV. No information for Greenland, 
Iceland or Russia 

1980s-2010sCVI, 2002-2013CV Decreasing 

Eskimo Curlew Numenius 
borealis1F 

↓↓ possibly extinct in CanadaCVI 1980s-2010sCVI Unknown 

Bar-tailed Godwit Limosa 
lapponica1F 

↕ decline in Alaska since 1980sCVI and Russia since 1970sLIX. 

Increase in Fennoscandia (Lapland) since 1970sLIX 
1980s-2010sCVI, 1976-2017LIX Decreasing 
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species  latest trend in Arctic populations trend years measured IUCN 

Hudsonian Godwit Limosa 
haemastica2F 

↔ stable in Alaska but decline in Canada (Hudson Bay) since 
1980s, though overall trend considered stableCVI 

1980s-2010sCVI Decreasing 

Ruddy Turnstone Arenaria 
interpres1E 

↓ decline in Fennoscandia since 1970sLIX, Canada since 
1980sCVI,X and Russia since 1970sCIV,XLVIII,LIX and stable or 
declining in Greenland (Zackenberg, Jamesonland) since 
1970sCXIV,LIX,LXXVI. Trend unknown for AlaskaCVI 

1980s-2010sCVI, 1996-2005CXIV, 
1994-2008CIV, 1983-2011X, 1986-
2002XLVIII, 1977-2017LIX, 1974-
2009LXXVI 

Decreasing 

Black Turnstone Arenaria 
melanocephala1E 

↔ stable in Alaska since 1980sCVI 1980s-2010sCVI Stable 

Red Knot Calidris canutus1F ↓ decline in Alaska and Canada since 1980sCVI and Russia since 
1970sLIX, but appears stable or increasing in Greenland since 
1990s CXIV,LIX 

1980s-2010sCVI, 1996-2005CXIV, 
1976-2017LIX 

Decreasing 

Surfbird Calidris virgata1F ↓ slight decline in Alaska since 2000s following long-term 
stability since 1980sCVI 

1980s-2010sCVI Decreasing 

Ruff Calidris pugnax2F ↓ stable in Russia (Kolguev Island) since 1990sCIV but decline in 
Fennoscandia (Lapland) since 2000sCV 

1994-2008CIV, 2002-2013CV Decreasing 

Broad-billed Sandpiper 
Calidris falcinellus2F 

↔ stable in Fennoscandia since 2000sCV. No information for 
Russia 

2002-2013CV Decreasing 

Sharp-tailed Sandpiper 
Calidris acuminata1F 

↓ decline in number of juveniles migrating from Russian breeding 
grounds through Alaska since 1980sCVI 

1980s-2010sCVI Stable 

Stilt Sandpiper Calidris 
himantopus1F 

↔ overall stable population in Alaska and Canada since 2000s 
(increases in Alaska with concurrent declines in CanadaCVI,X) 
following long-term decrease since 1980sCVI 

1980s-2010sCVI, 1983-2011X Increasing 

Curlew Sandpiper Calidris 
ferruginea1F 

↓ mixed trends in Russia, stable in North-east (including Pyasina 
Delta) but declining in North-westIII,LIX 

1993-2008III, 1979-2017LIX Decreasing 

Temminck's Stint Calidris 
temminckii1E 

↔ apparent decline in Fennoscandia in 2000sCXVIII but stable by 
2010sCV, stable or slight increase in Russia since 1980sIII,XLVIII 

1993-2008III, 1994-2003CXVIII, 
2002-2013CV, 1986-2002XLVIII 

Unknown 

Spoon-billed Sandpiper 
Calidris pygmaea1F 

↓↓ decline in Russia between 1980s and 2000sXLVIII 1986-2002XLVIII Decreasing 

Sanderling Calidris alba1F ↓ apparent decline in Canada since 1980sCVI but stable in 
Greenland (Zackenberg) between 1990s and 2000sCXIV. No 
information from Fennoscandia (Svalbard) or Russia 

1980s-2010sCVI, 1996-2005CXIV Unknown 
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Dunlin Calidris alpina2E ↓ decline in Alaska since 1980sCVI and declines in Russia 
(including Kolguev Island and Chukotsky)III,CIV,XLVIII,XI,LIX since 
1970s. Stable in Fennoscandia (Lapland) since 1980sCXI,CV, in 
Iceland since 1970sLIX and in Greenland (Zackenberg) between 
1990s and 2000sCXIV and overall stable in Canada (Cape 
Churchill) since 1980sXLVII 

1980s-2010sbCVI, 1980-2011CXI, 
1993-2008III, 1996-2005CXIV, 
1994-2008CIV, 2002-2013CV, 1984-
2000XLVII, 1986-2002XLVIII, 1996-
2005XI, 1976-2017LIX 

Decreasing 

Rock Sandpiper Calidris 
ptilocnemis1C 

↑ increase in Russia between 1980s and 2000sXLVIII. No 
information for Alaska 

1986-2002XLVIII Decreasing 

Purple Sandpiper Calidris 
maritima1C 

↓ decline in Canada since 1980sCVI but stable in Fennoscandia 
(Lapland) since 2000sCV. No information for Greenland, Iceland 
or Russia 

1980s-2010sCVI, 2002-2013CV Decreasing 

Baird's Sandpiper Calidris 
bairdii1F 

↓ decline in Canada since 1980sX,VI. No information for Alaska, 
Greenland or eastern Russia 

1983-2011X, 1980-2008VI Stable 

Little Stint Calidris minuta1F ↓ fluctuating in Russia between 1990s and 2000sCIV,XI,LIX but 
overall decline in Russian and Fennoscandian population since 
1980sLIX 

1994-2008CIV, 1996-2005XI, 1980-
2017LIX 

Increasing 

Least Sandpiper Calidris 
minutilla2F 

↔ stable in Alaska and Canada since 1980sCVI 1980s-2010sCVI Decreasing 

White-rumped Sandpiper 
Calidris fuscicollis1F 

↔ stable in Alaska and Canada following earlier declinesCVI,CX 1980s-2010sCVI, 1970s-1990sCX Decreasing 

Pectoral Sandpiper Calidris 
melanotos1F 

↓ decline in AlaskaCVI and CanadaCVI,X,XLVII since 1980s, stable in 
Russia (Pyasina Delta) since 1990sIII 

1980s-2010sCVI, 1993-2008III, 
1983-2011X, 1984-2000XLVII 

Stable 

Semipalmated Sandpiper 
Calidris pusilla1F 

↕ mixed trends reported throughout Alaska and Canada since 
1980sCVI,X,CX,XLVII,CXXII, but appears stable in the Western North 
American Arctic and uncertain in the Central and Eastern North 
American Arctic. No information for Eastern Russia 

1980s-2010sCVI, 1983-2011X, 
1983-1993CX, 1984-2000XLVII, 
1980s-2010sCXXII 

Decreasing 

Western Sandpiper Calidris 
mauri1E 

↓ apparent decline in Alaska since 1980sCVI. No information from 
eastern Russia 

1980s-2010sCVI Decreasing 

Jack Snipe Lymnocryptes 
minimus4E 

↔ potential increase in Russia (Kolguev Island) since 1990sCIV, 
stable in Fennoscandia since 2000sCV 

1994-2008CIV, 2002-2013CV Stable 

Great Snipe Gallinago 
media4F 

↔ stable in Fennoscandia since 2000sCV. No information from 
Siberian Russia 

2002-2013CV Decreasing 

Common Snipe Gallinago 
gallinago4E 

↓ decline in Fennoscandia since 2000sCV. No information from 
Iceland or Russia 

2002-2013CV Decreasing 

Wilson's Snipe Gallinago 
delicata4F 

↔ stable in Alaska and Canada since 1980sCVI 1980s-2010sCVI Decreasing 
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Red-necked Phalarope 
Phalaropus lobatus1E 

↔ increase in Canada (Cambridge Bay) since 1990sX following 
earlier declineCX, stable in Russia (Kolguev Island) since 
1990sCIV and in Fennoscandia (Lapland) since 2000sCV. No 
information for Alaska, Greenland or Iceland 

1994-2008CIV, 2002-2013CV, 1983-
2011X, 1983-1993CX 

Decreasing 

Red Phalarope Phalaropus 
fulicarius1E 

↓ stable in Greenland (Zackenberg) between 1990s and 
2000sVIII, decline in Canada since 1970sX,CX. No information for 
Alaska, Iceland, Fennoscandia or Russia 

1995-2006VIII, 1983-2011X, 1970s-
1990sCX 

Unknown 

Common Sandpiper Actitis 
hypoleucos4F 

↔ stable in Fennoscandia since 2000sCV. No information for 
Russia 

2002-2013CV Decreasing 

Spotted Sandpiper Actitis 
macularius4F 

↔ stable in Alaska and Canada since 1980sCVI 1980s-2010sCVI Decreasing 

Spotted Redshank Tringa 
erythropus1F 

↓ decline in Fennoscandia since 2000sCV. No information for 
Siberian or Eastern Russia 

2002-2013CV Stable 

Lesser Yellowlegs Tringa 
flavipes4F 

↓↓ decline in Alaska and Canada since 1980sCVI 1980s-2010sCVI Decreasing 

Wood Sandpiper Tringa 
glareola4F 

↑↑ increase in Russia (Kolguev) since 1990sCIV and in 
Fennoscandia since 2000sCV 

1994-2008CIV, 2002-2013CV Stable 

Common Redshank Tringa 
totanus4C 

↑ some increase in Fennoscandia since 1980sCXI,CV and stable in 
Iceland since 1970sLIX 

1980-2011CXI, 2002-2013CV, 1976-
2017LIX 

Unknown 

 

Species  anthropogenic impacts study year study sample size and location 

Grey Plover Pluvialis 
squatarola1F 

↔ threatened by weather regime shiftsCIX and 
potentially threatened by hyperabundant goose 
populationsCVII,CVIII 

2000-2017CVII, 
1995-2016CVIII, 
1996-1997CIX 

Southampton Island and Coats Island, 
CanadaCVII, 527 plots in CanadaCVIII, 13 
nests from Prince Charles Island, 
CanadaCIX 

American Golden Plover 
Pluvialis dominica1F 

↕ threatened by increased shrub heightCXIII but 
benefits from increased shrub coverCXIII. 

Potentially threatened by hyperabundant goose 
populationsCVII,CVIII. No impact of heavy metal 
toxicity (mercury)CXII 

2012-2014CXIII, 
2000-2017CVII, 
1995-2016CVIII, 
2009CXII 

Seward Peninsula, AlaskaCXIII, 
Southampton Island and Coats Island, 
CanadaCVII, 527 plots in CanadaCVIII, 12 
samples from Barrow, AlaskaCXII 

Semipalmated Plover 
Charadrius semipalmatus2F 

↔ threatened by hyperabundant goose 
populationsCVII 

2000-2017CVII Southampton Island and Coats Island, 
CanadaCVII 

Bristle-thighed Curlew 
Numenius tahitiensis1F 

- threatened by increased shrub coverCXIII 2012-2014CXIII Seward Peninsula, AlaskaCXIII 
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Whimbrel Numenius 
phaeopus2F 

↓ threatened by vegetation shifts (increase in 
shrub and tree cover) CXV, although initially 
benefits from increased shrub cover until a 
certain threshold is reachedCXIII 

1973-2006CXV, 
2012-2014CXIII 

Churchill, CanadaCXV, Seward 
Peninsula, AlaskaCXIII 

Bar-tailed Godwit Limosa 
lapponica1F 

↕ limited negative impact of heavy metal toxicity 
(mercury)CXII 

2008CXII 2 samples from Yukon Delta, AlaskaCXII 

Hudsonian Godwit Limosa 
haemastica2F 

↔ threatened by hyperabundant goose 
populationsCXVI 

2008-2011CXVI Churchill, Canada and Beluga River, 
AlaskaCXVI 

Ruddy Turnstone Arenaria 
interpres1E 

↓ threatened by hyperabundant goose 
populations (possibly due to increased 
predation)CVII and weather regime shiftsCIX 

2000-2017CVII, 
1996-1997CIX 

Southhampton Island and Coats Island, 
CanadaCVII, 19 nests from Prince 
Charles Island, CanadaCIX 

Red Knot Calidris canutus1F ↓ threatened by earlier snow meltCXVII 1983-2015CXVII 2760 individuals, at Gdańsk Bay, 
Poland, Banc d’Arguin, Mauritania, and 
Taimyr Peninsula, RussiaCXVII 

Sanderling Calidris alba1F ↓ no impact of phenological mismatchCXIX 1996-2013CXIX Zackenberg and Hochstetter Forland, 
GreenlandCXIX 

Dunlin Calidris alpina2E ↓ limited negative impact of hyperabundant goose 
populationsCVII,XLVII. No impact of heavy metal 
toxicity (mercury)CXII 

2000-2017CVII, 
1984-2000XLVII, 
2008-2009CXII 

Southhampton Island and Coats Island, 
CanadaCVII, 30 transects on Cape 
Churchill, CanadaXLVII, 94 samples from 
Barrow, Arctic National Wildlife Reserve 
and Yukon Delta, AlaskaCXII 

Rock Sandpiper Calidris 
ptilocnemis1C 

↑ limited negative impact of heavy metal toxicity 
(mercury)CXII 

2008CXII 23 samples from Yukon Delta, AlaskaCXII 

Baird's Sandpiper Calidris 
bairdii1F 

↓ no impact of hyperabundant goose 
populationsCVIII but threatened by phenological 
mismatchCXX 

1995-2016CVIII, 
2005-2008CXX 

527 plots from CanadaCVIII, 60 nests 
from Bylot Island, CanadaCXX 

White-rumped Sandpiper 
Calidris fuscicollis1F 

↔ threatened by hyperabundant goose 
populationsCVII,CVIII and weather regime shiftsCIX 

2000-2017CVII, 
1995-2016CVIII, 
1996-1997CIX 

Southhampton Island and Coats Island, 
CanadaCVII, 527 plots from CanadaCVIII, 
22 nests from Prince Charles Island, 
CanadaCIX 

Pectoral Sandpiper Calidris 
melanotos1F 

↓ threatened by hyperabundant goose 
populationsCVIII and heavy metal toxicity 
(mercury)CXII. No impact of industrial 
infrastructureCXXI 

1995-2016CVIII, 
2009CXII, 2002-
2005CXXI 

527 plots from CanadaCVIII, 6 samples 
from Barrow, AlaskaCXII, 7 sites from 
Arctic Coastal Plain, AlaskaCXXI 
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Semipalmated Sandpiper 
Calidris pusilla1F 

↕ in some instances threatened by hyperabundant 
goose populationsCVII,CVIII but in other instances 
notXLVII. Threatened by heavy metal toxicity 
(mercury)CXII but no impact of industrial 
infrastructureCXXI 

2000-2017CVII, 
1995-2016CVIII, 
1984-2000XLVII, 
2008CXII, 2002-
2005CXXI 

Southhampton Island and Coats Island, 
CanadaCVII, 527 plots from CanadaCVIII, 
30 transects on Cape Churchill, 
CanadaXLVII, 35 samples from Barrow 
and Arctic National Wildlife Reserve, 
AlaskaCXII, 7 sites from Arctic Coastal 
Plain, AlaskaCXXI 

Western Sandpiper Calidris 
mauri1E 

↓ initally benefits from increased shrub cover until 
a certain threshold is reached, but threatened 
by increasing shrub heightCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 

Long-billed Dowitcher 
Limnodromus scolopaceus1E 

- limited negative impact of heavy metal toxicity 
(mercury)CXII 

2008-2009CXII 9 samples from Barrow, AlaskaCXII 

Red-necked Phalarope 
Phalaropus lobatus1E 

↔ threatened by hyperabundant goose 
populationsCVIII and increased predators in areas 
with industrial infrastructureCXXI 

1995-2016CVIII, 
2002-2005CXXI 

527 plots from CanadaCVIII, 7 sites from 
Arctic Coastal Plain, AlaskaCXXI 

Red Phalarope Phalaropus 
fulicarius1E 

↓ threatened by hyperabundant goose 
populationsCVII,CVIII, heavy metal toxicity 
(mercury)CXII and weather regime shiftsCIX 

2000-2017CVII, 
1995-2016CVIII, 
2008-2009CXII, 
1996-1997CIX 

Southampton Island and Coats Island, 
CanadaCVII, 527 plots from CanadaCVIII, 
44 samples from Barrow and Arctic 
National Wildlife Reserve, AlaskaCXII, 73 
nests from Prince Charles Island, 
CanadaCIX 

 

III de Raad, Mazurov and Ebbinge, 2011 LIX van Roomen et al., 2018 CX Morrison et al., 2001 CXVIII Koivula et al., 2008 
VI Trefry et al., 2010 LXXVI Meltofte and Dinesen, 2010 CXI Byrkjedal and Kålås, 2012 CXIX Reneerkens et al., 2016 
VIII Hansen, Meltofte and Schmidt, 2009 CIV Kruckenberg et al., 2012k CXII Perkins et al., 2016 CXX McKinnon et al., 2012 
IX Lehikoinen et al., 2014 CV Lindström et al., 2015 CXIII Thompson et al., 2016 CXXI Liebezeit et al., 2009 
X Lok and Vink, 2012 CVI Andres et al., 2012 CXIV Meltofte, 2006b CXXII Smith et al., 2012 
XI van Kleef et al., 2009 CVII Flemming, Nol, Kennedy and Smith, 2019 CXV Ballantyne and Nol, 2015  
XLVII Sammler, Andersen and Skagen, 2008 CVIII Flemming, Smith, et al., 2019 CXVI Swift, Rodewald and Senner, 2017 

 

XLVIII Tomkovich and Soloviev, 2012 CIX Martin et al., 2018 CXVII van Gils et al., 2016 
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Table 2.6 Recent population trends and impacts to Arctic-breeding passerines reported in the literature, according to Arctic nation or region. Breeding status 
(following Ganter and Gaston 2013) and migration status (following del Hoyo et al. 2020) are indicated: 1 - breeding confined to Arctic, 2 - majority breeding in 
Arctic, 3 - partial Arctic breeder, 4 - breeders only penetrate Arctic in places, A - resident, B - dispersive, C - partial migrant, D – short-distance migrant (to 
Northern Europe, Canada, Alaska or Northern Asia), E – long-distance migrant (to United States or Central America, Southern Europe, Northern Africa and 
Central or South-west Asia, or crosses Atlantic Ocean), F - transhemisphere migrant. The latest trends reported in the literature are summarised as ↑↑ major 
increase, ↑ moderate increase, ↔ stable, ↓ moderate decline, ↓↓  major decline, ↕ mixed or ― uncertain, alongside International Union for Conservation of 
Nature (IUCN) global trend status 

species  latest trend in Arctic populations trend years measured IUCN 

Common Raven Corvus 
corax3A 

↑ stable in Alaska (Arctic Coastal Plain)XLIV and increase in 
Canada (Cambridge Bay) since 1980sX. No information for 
Fennoscandia, Greenland, Iceland or Russia 

1983-2011X, 1992-2017XLIV Increasing 

Shore Lark Eremophila 
alpestris2D 

↔ stable in FennoscandiaCXI and CanadaX,XLVII since 1980s and 
appears stable in Russia (limited information from Pyasina 
Delta) in 2000sIII. No information for Alaska or Greenland 

1980-2011CXI, 2005-2008III, 1983-
2011X, 1984-2000XLVII 

Decreasing 

Willow Warbler Phylloscopus 
trochilus4F 

↓ decline in Fennoscandia since 2000sIX. No information from 
Russia 

2002-2012IX Decreasing 

Redwing Turdus iliacus3E ↓ decline in Fennoscandia since 2000sIX. No information from 
Iceland or Russia 

2002-2012IX Decreasing 

Bluethroat Luscinia svecica3F ↔ stable in Fennoscandia since 2000sIX. No information from 
Alaska, Canada or Russia 

2002-2012IX Stable 

Northern Wheatear 
Oenanthe oenanthe3F 

↓ overall decline in Fennoscandia since 1980sCXI. No information 
for Alaska, Canada, Greenland, Iceland or Russia 

1980-2011CXI, 2002-2012IX Decreasing 

White Wagtail Motacilla 
alba3E 

― based on limited information, appears stable in Russia 
(Pyasina Delta) in 2000sIII. No information for Fennoscandia, 
Greenland or Iceland 

2005-2008III Stable 

Meadow Pipit Anthus 
pratensis3E 

↓ decline in Fennoscandia since 1980sCXI,IX. No information 
Greenland, Iceland or Russia 

1980-2011CXI, 2002-2012IX Decreasing 

American Pipit Anthus 
rubescens2E 

↔ stable in Canada (Cambridge Bay) since 1980sX. No 
information for Alaska or Greenland 

1983-2011X Decreasing 

Common Redpoll Acanthis 
flammea2C 

↓ decline in Fennoscandia since 2000sIX. No information for 
Alaska, Canada, Greenland or Russia 

2002-2012IX Decreasing 

Arctic Redpoll Acanthis 
hornemanni1C 

↔ stable in Canada since 1980sX,VI. No information for Alaska, 
Fennoscandia, Greenland or Russia 

1983-2011X, 1980-2003VI Not 
available 

Lapland Bunting Calcarius 
lapponicus1E 

↓ decline in Fennoscandia since 1980sCXI,IX. Stable in Canada 
since 1980sX,XLVII,VI and appears overall stable in Russia 
(Taimyr) since 1990sIII,XI. No information for Alaska or 
Greenland 

1980-2011CXI, 2005-2008III, 2002-
2012IX, 1983-2011X, 1984-
2000XLVII, 1980-2008VI, 1996-
2005XI 

Increasing 
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Snow Bunting Plectrophenax 
nivalis 
1E 

↕ stable in Russia (Medusa Bay) between 1990s and 2000sXI 

and in Canada since 1980sX,VI with potential increase increase 
in Greenland (Zackenberg) between 1990s and 2000sVIII, but 
decline in Fennoscandia (Lapland) since 2000sIX. No 
information for Alaska or Iceland 

1995-2006VIII, 2002-2012IX, 1983-
2011X, 1980-2008VI, 1996-2005XI 

Decreasing 

 

species  anthropogenic impacts study year study sample size and location 

Shore Lark Eremophila 
alpestris2D 

↔ 
no impact of hyperabundant goose 
populationsXLVII 

1984-2000XLVII 
30 transects on Cape Churchill, 
CanadaXLVII 

Arctic Warbler Phylloscopus 
borealis4F 

- 

mixed effects of vegetation shifts: threatened by 
increased shrub cover but initially benefits from 
increased shrub density until a certain threshold 
is reachedCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 

Gray-cheeked Thrush 
Catharus minimus3F 

- benefits from vegetation shiftsCXIII 2012-2014CXIII Seward Peninsula, AlaskaCXIII 

Bluethroat Luscinia svecica3F ↔ 

threatened by increased shrub height but 
benefits from increased shrub cover associated 
with vegetation shifts. Initially benefits from 
increased shrub density until a certain threshold 
is reachedCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 

Lapland Bunting Calcarius 
lapponicus1E 

↓ 

threatened by vegetation shiftsCXXIII,CXIII, weather 
regime shifts (increased snow storms)CXXIV and 
increased predators in areas with industrial 
infrastructureCXXI. In some instances appears 
threatened by hyperabundant goose 
populationsCVIII but in other instances notXLVII 

2010CXXIII, 2012-
2014CXIII, 2012-
2016CXXIV, 2002-
2005CXXI, 1995-
2016CVIII, 1984-
2000XLVII 

4 sites in Toolik, AlaskaCXXIII, Seward 
Peninsula, AlaskaCXIII, 4 sites in Toolik, 
AlaskaCXXIV, 7 sites on Arctic Coastal 
Plain, AlaskaCXXI, 527 plots in 
CanadaCVIII, Cape Churchill, AlaskaXLVII 

Smith's Longspur Calcarius 
pictus2E 

- 
threatened by vegetation shifts but benefits from 
warmer springsCXXV 

2007-2013CXXV 2 sites in Brooks Range, AlaskaCXXV 

American Tree Sparrow 
Spizelloides arborea2E 

- 

mostly benefits from vegetation shifts: benefits 
from increased shrub cover and initially benefits 
from increased shrub density and height until a 
certain threshold is reachedCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 
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Fox Sparrow Passerella 
iliaca4E 

- 

mostly benefits from vegetation shifts: benefits 
from increased shrub height and cover and 
initially benefits from increased shrub density 
until a certain threshold is reachedCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 

White-crowned Sparrow 
Zonotrichia leucophrys3E 

- 

mostly benefits from vegetation shifts: benefits 
from increased shrub cover and initially benefits 
from increased shrub height until a certain 
threshold is reachedCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 

Gambel's White-crowned 
Sparrow Zonotrichia 
leucophrys gambelii3E 

- 
benefits from vegetation shiftsCXXIII but 
threatened by weather regime shifts (increased 
snow storms)CXXIV 

2010CXXIII, 2012-
2016CXXIV 

4 sites in Toolik, AlaskaCXXIII,CXXIV 

Savannah Sparrow 
Passerculus sandwichensis2E 

- 
threatened by hyperabundant goose 
populationsCVIII but benefits from vegetation 
shifts (increased shrub cover)CXIII 

1995-2016CVIII, 
2012-2014CXIII 

527 plots in CanadaCVIII, Seward 
Peninsula, AlaskaCXIII 

American Yellow Warbler 
Setophaga petechia 
aestiva4F 

- 

mostly benefits from vegetation shifts: benefits 
from increased shrub height and cover and 
initially benefits from increased shrub density 
until a certain threshold is reachedCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 

Wilson's Warbler Cardellina 
pusilla4E 

- 
initially benefits from increased shrub height 
associated with vegetation shifts until a certain 
threshold is reachedCXIII 

2012-2014CXIII Seward Peninsula, AlaskaCXIII 

 

III de Raad, Mazurov and Ebbinge, 2011 X Lok and Vink, 2012 CVIII Flemming, Smith, et al., 2019 CXXIII Boelman et al., 2015 
VI Trefry et al., 2010 XI van Kleef et al., 2009 CXI Byrkjedal and Kålås, 2012b CXXIV Chmura et al., 2018 
VIII Hansen, Meltofte and Schmidt, 2009 XLIV Wilson, Larned and Swaim, 2018 CXIII Thompson et al., 2016 CXXV McFarland, Kendall and Powell, 2017 
IX Lehikoinen et al., 2014 XLVII Sammler, Andersen and Skagen, 2008 CXXI Liebezeit et al., 2009 
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Table 2.7  Recent population trends and impacts to Arctic-breeding raptors, grouse, divers and cranes reported in the literature, according to Arctic nation or 
region. Breeding status (following Ganter and Gaston 2013) and migration status (following del Hoyo et al. 2020) are indicated: 1 - breeding confined to 
Arctic, 2 - majority breeding in Arctic, 3 - partial Arctic breeder, 4 - breeders only penetrate Arctic in places, A - resident, B - dispersive, C - partial migrant, D – 
short-distance migrant (to Northern Europe, Canada, Alaska or Northern Asia), E – long-distance migrant (to United States or Central America, Southern 
Europe, Northern Africa and Central or South-west Asia, or crosses Atlantic Ocean), F - transhemisphere migrant. The latest trends reported in the literature 
are summarised as ↑↑ major increase, ↑ moderate increase, ↔ stable, ↓ moderate decline, ↓↓  major decline, ↕ mixed or ― uncertain, alongside International 
Union for Conservation of Nature (IUCN) global trend status 

species  latest trend in Arctic population trend years measured IUCN 

Willow Ptarmigan Lagopus 
lagopus2A 

↓ 
stable in AlaskaCXXVI, potenital decline in CanadaCXXVI,XLVII and 
decline in RussiaCXXVI and FennoscandiaCXXVI,IX in 2010s 

2002-2012IX, 1984-2000XLVII Decreasing 

Rock Ptarmigan Lagopus 
muta1A 

↕ 

stable in Canada (Ellesmere Island) between 1980s and 
2000sVI and increase in Canada (Newfoundland) in 2010sCXXVI. 

Stable in Russia in 2000sIII,XI and in Alaska in 2010sCXXVI but 
decline in IcelandCXXVI and GreenlandCXXVI in 2010s. Decline on 
mainland Fennoscandia (LaplandIX) but increase in 
SvalbardCXXVI in 2010s 

1993-2008III, 2002-2012IX, 1980-
2008VI, 1996-2005XI 

Decreasing 

Sandhill Crane Antigone 
canadensis3E 

↑ 
increase in AlaskaXLI,XLIV and Canada (Cambridge BayX) since 
1980s and stable in Russia (Chukotsky) between 1980s and 
2000sXLVIII 

1985-2016XLI, 1983-2011X, 1986-
2002XLVIII, 1986-2017XLIV 

Increasing 

Red-throated Diver Gavia 
stellata1C 

↓ 

overall stableIV,XLIV (though some record of declineXL) in Alaska 
since 1980s, stable in Greenland (Zackenberg) between 1990s 
and 2000sXC but decline in Russia (Chukotsky) between 1980s 
and 2000sXLVIII. No information for Canada, Iceland or 
Fennoscandia 

1992-2016XL, 1995-2005XC, 1989-
2016IV, 1986-2002XLVIII, 1986-
2017XLIV 

Decreasing 

Black-throated Diver Gavia 
arctica2C 

↔ 
stable or small increase in Russia (Chukotsky) between 1980s 
and 2000sXLVIII. No information for Alaska or Fennoscandia 

1986-2002XLVIII Decreasing 

Pacific Diver Gavia pacifica1E ↔ 
stable in AlaskaXL,IV,XLIV and CanadaX,XLVII since 1980s and in 
Russia (Chukotsky) between 1980s and 2000sXLVIII 

1992-2016XL, 1983-2011X, 1984-
2000XLVII, 1989-2016IV, 1986-
2002XLVIII, 1986-2017XLIV 

Increasing 

White-billed Diver Gavia 
adamsii1D 

↑ 
increase in Alaska in since 1980sXL,XLIV and in Russia 
(Chukotsky) between 1980s and 2000sXLVIII. No information for 
Canada 

1992-2016XL, 1986-2002XLVIII, 
1986-2017XLIV 

Decreasing 

Golden Eagle Aquila 
chrysaetos4C 

↑ 
increase in Alaska (Arctic Coastal Plain) since 1980sXLIV. No 
information for Canada or Fennoscandia 

1986-2017XLIV Stable 

Rough-legged Buzzard 
Buteo lagopus1D 

↓ 
stable in Canada (Cambridge Bay) since 1980sX, but decline in 
Russia (Taimyr) since 1990sIII,XI. No information for Alaska or 
Fennoscandia 

1993-2008III, 1983-2011X, 1996-
2005XI 

Stable 
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species  latest trend in Arctic population trend years measured IUCN 

Snowy Owl Bubo 
scandiacus1C 

↓ 

decline in Canada (Bylot Island) since 1990sVII and in Russia 
(Medusa Bay) between 1990s and 2000sXI but stable in Alaska 
since 1980sXLIV. No information for Greenland, Iceland or 
Fennoscandia 

1993-2010VII, 1996-2005XI, 1986-
2017XLIV 

Decreasing 

Short-eared Owl Asio 
flammeus3D 

↑ 
increase in Alaska (Arctic Coastal Plain) since 1990sXLIV. No 
information for Canada, Fennoscandia, Iceland or Russia 

1992-2017XLIV Decreasing 

Peregrine Falcon Falco 
peregrinus3D 

↑ 
increase in Alaska (Colville River) between 1980s and 
2000sCXXXIII and stable in Canada (Cambridge Bay)X since 
1980s. No information for Fennoscandia, Greenland or Russia  

1981-2002CXXXIII, 1983-2011X Stable 

 

 

species  anthropogenic impacts study year study sample size and location 

Willow Ptarmigan Lagopus 
lagopus2A 

↓ no impact of disrupted lemming cyclesCXXVII but 
threatened by increasing shrub heightCXIII 

2005-2008CXXVII, 
2012-2014CXIII 

Varanger and Ifjord, FennoscandiaCXXVII, 
Seward Peninsula, AlaskaCXIII 

Red-throated Diver Gavia 
stellata1C 

↓ threatened by organochlorine 
contaminationCXXVIII,CXXIX 

2000-2010CXXVIII, 
1999-2003CXXIX 

38 birds from 4 sites in AlaskaCXXVIII, 117 
samples from 4 sites in AlaskaCXXIX 

Rough-legged Buzzard 
Buteo lagopus1D 

↓ potentially threatened by disrupted lemming 
cyclesCXXX 

1999-2017CXXX Yamal Peninsula, RussiaCXXX 

Snowy Owl Bubo 
scandiacus1C 

↓ threatened by diminishing sea ice (less access 
to prey)CXXXI 

2007CXXXI 12 birds from Bylot Island, CanadaCXXXI 

Peregrine Falcon Falco 
peregrinus3D 

↑ benefits from positive impact of warmer springs 
and summers on productivityCXXXIII but 
threatened by negative impacts of increased 
heavy rain on productivityCXXXII. Potentially 
threatened by heavy metal toxicity 
(mercury)XXVIII 

1981-2012CXXXIII, 
2008-2010CXXXII, 
2010-2012XXVIII 

Colville River, AlaskaCXXXIII, 54 broods 
from Rankin Inlet, CanadaCXXXII, 27 
samples from North-west GreenlandXXVIII 

 

III de Raad, Mazurov and Ebbinge, 2011 XI van Kleef et al., 2009 XLVIII Tomkovich and Soloviev, 2012 CXXIX Schmutz, Trust and Matz, 2009 
IV Swaim, 2017 XXVIII Burnham et al., 2018 XC Meltofte, 2006a CXXX Fufachev et al., 2019 
VI Trefry et al., 2010 XL Amundson et al., 2019 CXIII Thompson et al., 2016 CXXXI Therrien, Gauthier and Bêty, 2011 
VII Gauthier et al., 2013 XLI Fischer, Williams and Stehn, 2017 CXXVI Fuglei et al., 2019 CXXXII Anctil, Franke and Bêty, 2014 
IX Lehikoinen et al., 2014 XLIV Wilson, Larned and Swaim, 2018 CXXVII Henden et al., 2011 CXXXIII Bruggeman et al., 2015 
X Lok and Vink, 2012 XLVII Sammler, Andersen and Skagen, 2008 CXXVIII McCloskey et al., 2018 
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Demographic impacts 

Climate change was discussed in 34% of articles reviewed. Research primarily 

focussed on four major consequences of climate change on Arctic-breeding birds, 

specifically (i) weather regime shifts (33% of climate change articles), (ii) vegetation 

shifts (12%), (iii) phenological mismatches (27%) and (iv) diminishing sea ice (15%). 

Industrial activity was discussed in 32% of articles reviewed. Research focussed on 

four principal industries impacting Arctic-breeding birds: (v) hydrocarbon and mineral 

extraction (12% of industry articles), (vi) chemical manufacture (63%), (vii) agriculture 

(7%) and (viii) fisheries (11%). Harvest for subsistence and sport (ix) was discussed 

in 5% of articles. A final impact, (x) altered community composition and interactions as 

a result of the combined effects of climate change, industrial activity and harvest, was 

collectively discussed in 13% of articles concerning demographic impacts. 

 

Discussion 

Weather regime shifts 

Climate change is associated with shifts in the temperature and precipitation regime 

towards warmer, wetter conditions in the Arctic (ACIA, 2005). These weather regime 

shifts have had positive impacts on many Arctic-breeding birds, during both the 

breeding and non-breeding seasons. Pavón-Jordán, Santangeli and Lehikoinen 

(2017) discuss how more northerly milder winters in Finland allow ducks and swans 

migrating south from the Arctic to reduce the distance required to reach suitable non-

breeding sites. Wetter winters also increase their non-breeding season habitat 

availability in Finland. This ultimately reduces the energetic costs of thermoregulation, 

movement and competition for resources and birds are able to initiate breeding earlier 

and in superior body condition the following spring. Warming of the Arctic has also 

released the breeding potential of many Arctic-breeding species from density 

dependence. Jensen et al. (2014) discuss the benefits of earlier snow melt to Pink-

footed Goose through increased suitable breeding sites and earlier nest initiation. 

Early melt similarly provides more snow-free cliff nest sites for Peregrine Falcon 

(Bruggeman et al., 2015). Temperature increases are also expected to lengthen the 

Arctic plant growing season and increase arthropod abundance, with beneficial 

impacts for herbivorous geese, as well as entomophagous waders and passerines 

(Robinson, Franke and Derocher, 2014). 
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However, negative impacts of weather regime shifts were also reported in the 

literature, particularly shifts towards extreme weather events. Bateman et al. (2019) 

identified Arctic species as one of the most vulnerable groups to the negative impacts 

of climate warming, compared to groups such as aridland, marshland and urban birds. 

Anctil, Franke and Bêty (2014) found that heavy rainstorms during the nestling period 

severely reduced the breeding success of Peregrine Falcon in the Rankin Inlet, 

Canada. Rainfall directly caused the death of 38% of nestlings. Nestling survival in a 

second study in Nunavut, Canada, was also reduced by up to 50% by heavy rains 

(Lamarre et al., 2018). Chmura et al. (2018) linked late breeding season snowstorms 

to reduced productivity in both Lapland Bunting Calcarius lapponicus and Gambel’s 

White-crowned Sparrow Zonotrichia leucophrys gambelii. Breeding success may also 

be affected by wetter conditions during the Arctic winter: late snowmelt caused by 

increased winter precipitation resulted in waders in the Canadian Arctic producing 

eggs approximately 5% smaller in volume (Martin et al., 2018). In contrast, earlier 

snowmelt in the breeding grounds of Red Knot Calidris canutus had a negative impact 

on productivity (van Gils et al., 2016). Juvenile knot were smaller and had shorter bills 

in years with early snowmelt. This was a disadvantage the following winter, as shorter 

bills limited the knot’s ability to reach buried prey and reduced survival rates. 

 

According to the literature, the impacts of weather regime shifts can be spatially 

variable. For example, studies in different populations of Little Auk Alle alle produced 

markedly contrasting results: positive effects of warmer sea surface temperature and 

earlier sea ice breakup on chick growth rates and adult body condition were identified 

in Greenland (Amélineau et al., 2019), while negative impacts of warmer sea surface 

temperature on fledging probability and adult survival were identified in Svalbard 

(Hovinen, Welcker, et al., 2014; Hovinen, Wojczulanis-Jakubas, et al., 2014). Yet, 

despite the current variation in impact direction, long-term projections by Wauchope 

et al. (2017) estimate that the majority of climatically suitable breeding conditions for 

66-83% of Arctic wader species could decrease within the next 70 years. 

 

Along with direct impacts of extreme events and indirect effects on forage or prey 

availability, weather regime shifts are also linked to changes in susceptibility to 

parasites and disease. There is evidence in the literature that increased sea and air 

temperatures facilitate avian parasites and disease emergence in Arctic communities 
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(Galaktionov, 2016). Descamps (2013) showed a link between warmer winter 

temperatures in Svalbard and the prevalence of ticks on Brünnich’s Guillemot Uria 

lomvia. Lamarre et al. (2018) further demonstrated how weather shifts towards greater 

precipitation levels in Nunavut, Canada, increased the prevalence of black flies, which 

in turn reduced nestling survival in Peregrine Falcon nests by up to 30%. 

 

Vegetation shifts 

Vegetation shifts in the Arctic occur when a warmer, wetter climate alters the structure 

of the vegetation community – for example shrub encroachment or tree line 

advancement into the tundra (Wheeler, Høye and Svenning, 2018). Ground-nesting 

passerines often benefit from shifts towards increased vegetation cover, density and 

height (Henden et al., 2013, and reviewed by Wheeler, Høye and Svenning, 2018). 

However, any advantages are transient because ultimately most species, especially 

waders, cannot tolerate the vegetation when it becomes too tall. Of 17 species 

analysed in the Alaskan Arctic, only Gray-cheeked Thrush Catharus minimus was 

consistently positively associated with increasing shrub cover, density and height 

(Thompson et al. 2016). Of the remaining passerines, waders and grouse, 12 declined 

either in immediate response to vegetation shifts or experienced no further benefits 

when shrubs crossed a certain height or cover threshold (Thompson et al., 2016). 

Other studies reached similar conclusions: Boelman et al. (2015) predict that shrub 

encroachment in Alaskan tundra will initially benefit Lapland Bunting by increasing the 

abundance of its arthropod prey, but continued advancement will eventually reduce 

suitable nesting habitat by up to 60%. Ballantyne and Nol (2015) suggest a link 

between northward shrub and tree encroachment and the decline of nesting Whimbrel 

Numenius phaeopus in sub-Arctic Canada.  

 

Vegetation shifts at northern latitudes allow low-Arctic and boreal species to expand 

their range northwards, leading to an overall increase in bird abundance in the Arctic 

(Sokolov et al., 2012; Wheeler, Høye and Svenning, 2018). Boelman et al. (2015) 

predict that northward shrub encroachment will increase Gambel’s White-crowned 

Sparrow – a typical boreal species – nesting habitat extent in Arctic Alaska. Henden 

et al. (2013) predict that the encroachment of riparian willow habitat into the Finnmark 

tundra will benefit low-Arctic Willow Ptarmigan Lagopus lagopus. Indeed, since 
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anthropogenic-source climate warming has become apparent, Leung et al. (2018) 

recorded an increase of several boreal and sub-Arctic species breeding on a low-Arctic 

island off the coast of Yukon, Canada. However, this ‘borealisation’ of tundra habitat 

may occur at the expense of Arctic specialists, as boreal species replace Arctic 

species in a geographical area (Sokolov et al., 2012). The expansion of Gambel’s 

White-crowned Sparrow north predicted by Boelman et al. (2015) coincides with an 

equivalent loss of Lapland Bunting – an Arctic specialist – habitat in Alaska. As such, 

negative impacts of vegetation shifts are predicted to be strongest in specialist high-

Arctic species (Wheeler, Høye and Svenning, 2018). 

 

Phenological mismatches 

Phenological mismatches occur because warming in the Arctic is occurring faster than 

in lower latitudes. As such, spring in the Arctic is advancing faster relative to lower 

latitudes (IPCC, 2014). The rise in ambient temperature during the onset of the Arctic 

spring is associated with high quality food production, mediated by green-up in the 

tundra or breakup of sea ice. But as spring in the Arctic advances with climate change, 

birds may be unable to advance breeding activities such as nesting, leading to 

phenological mismatches between peak energy requirements and peak food 

production (Tulp and Schekkerman, 2008; Saalfeld et al., 2019). This is problematic 

for long-distance migrants responding to local environmental cues at lower latitudes 

and mistiming their arrival in the Arctic (Lameris et al., 2017). 

 

Reduced breeding success due to phenological mismatches has been demonstrated 

in waterfowl (Brook et al., 2015; Lameris et al., 2018) and waders (McKinnon et al., 

2012; Kwon et al., 2019). Clausen and Clausen (2013) observed that Light-bellied 

Brent Goose Branta bernicla hrota times its spring migration to coincide peak chick 

hatching with the peak plant nutrient availability in the Arctic tundra. The study found 

that the onset of spring advanced by two weeks over a 24-year period at the breeding 

site in Svalbard. However, spring did not advance in the temperate staging areas in 

Jutland. The date of migration from Jutland to Svalbard remained consistent over the 

24 years because the geese relied on local cues in Jutland to regulate their departure. 

As a result, breeding geese arrived in Svalbard well beyond the optimal time for chicks 

to benefit from high quality spring growth. Similarly, Ramírez et al. (2017) found that 
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spring sea ice breakup in Svalbard had advanced, but the hatch dates of Little Auk 

and Brünnich’s Guillemot chicks remained constant. Sea ice breakup drives a pelagic 

phytoplankton bloom several weeks later, in turn increasing fish prey abundance for 

growing auks. Because of earlier sea ice breakup, auk chicks hatched after this food 

peak had passed, resulting in adverse effects on their early life growth. van Gils et al. 

(2016) suggest that when snow melts early on the Taimyr Peninsula, Red Knot chicks 

hatch too late to take advantage of peak arthropod prey abundance. Arthropods 

emerge as the soil defrosts and early melt may also dampen the amplitude of the peak 

because of increased larval mortality. In turn, the juvenile knots were smaller in body 

size the following winter and smaller birds experienced greater mortality. 

 

There is evidence for variation in susceptibility to phenological mismatches in the 

literature. A 35-year study of 29 seabirds found that sensitivity to warmer spring 

temperatures was very variable and strongly influenced by foraging strategy, breeding 

season length and spatial variation (Descamps et al., 2019). Diving seabirds in 

particular showed very little sensitivity to warmer springs and surface-feeding species 

showed a significant response in the Pacific Ocean, but not the Atlantic Ocean. A 2007 

to 2009 study of wader egg hatching on the low-Arctic Herschel Island found no 

evidence of phenological mismatch with peak arthropod prey abundance (Leung et 

al., 2018). However, a 2005 to 2008 study of wader egg hatching on the high-Arctic 

Bylot Island recorded mismatches with prey abundance that lead to reduced chick 

growth rates (McKinnon et al., 2012). As suggested by Lameris et al. (2019), the 

consequences of phenological mismatches may be more severe in the high-Arctic 

than the low-Arctic. They also may differ between Atlantic and Pacific flyways and 

between guilds, depending on prey and foraging strategy (Descamps et al., 2019). 

 

Diminishing sea ice  

The importance of sea ice to Arctic seabirds was emphasised by Gaston, Smith and 

Provencher (2012) who discussed how many changes in Brünnich’s Guillemot biology 

occurred abruptly after sea ice diminished in the Canadian Arctic during the 1990s. 

Sea ice drives the pulses of marine algae and phytoplankton that form the base of the 

Arctic seabird food web (Ramírez et al., 2017). Current climate change is causing a 

gradual warming of sea temperatures which in turn diminishes the extent of ice. 
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Diminishing sea ice disrupts trophic interactions by reducing primary production and, 

ultimately, the abundance of fish prey for seabirds. For example, loss of sea ice in 

Point Barrow, Alaska, between 1975 and 2012 led to a reduction in Arctic cod 

Boreogadus saida, the primary forage fish of Black Guillemot Cepphus grylle (Divoky, 

Lukacs and Druckenmiller, 2015). Following this, cod decreased from 95% of the 

guillemot’s nestling diet to less than 5% and a concurrent 5-fold increase in nestling 

starvation occurred. Diminishing sea ice is a major threat to Ivory Gull, as it spends 

the majority of its time in this habitat (Gilg et al., 2009). Negative effects have even 

been found to extend to terrestrial raptors such as Snowy Owl Bubo scandiacus, which 

relies on prey on the sea ice during winter (Therrien, Gauthier and Bêty, 2011). Initially 

more open water pockets within the ice are expected to improve its prey availability, 

but in the event of widespread loss of ice, Snowy Owl will lose an important winter 

resource. 

 

Diminishing sea ice can have opposing impacts, even within the same species and 

often linked to spatial variation between low and high-Arctic. Gaston, Gilchrist and 

Hipfner (2005) illustrate how Brünnich’s Guillemot breeding colonies in low-Arctic 

Canada were adversely threatened by early sea ice breakup, but colonies in high-

Arctic Canada benefitted. In the high-Arctic colony, early ice breakup was associated 

with higher adult body mass and higher chick growth rates, whereas in the low-Arctic 

colony, early ice breakup was associated with lower mass and growth rates. It is likely 

that a switch from cod to capelin Mallotus villosus prey due to changing sea ice is 

responsible for these differences in body mass; parents feeding capelin to their young 

have to commute more frequently to account for the smaller size of capelin. 

Diminishing sea ice can also have opposing impacts linked to predation pressure. 

Breeding population density of Common Eider Somateria mollissima in Svalbard was 

higher in years with warmer springs and earlier sea ice breakup, likely due to reduced 

Arctic fox Vulpes lagopus access to nesting islets (Hanssen et al., 2013), but earlier 

sea ice breakup also led to increased nest predation by polar bear Ursus maritimus at 

colonies in Canada and Svalbard (Iverson et al., 2014; Prop et al., 2015). Earlier sea 

ice breakup similarly led to increased Barnacle Goose and Glaucous Gull nest 

predation by polar bear in Greenland and Svalbard because, without sea ice, bears 

could no longer hunt their main prey, seals (Prop et al., 2015). 
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Hydrocarbon and mineral extraction 

In contrast to the widespread impacts of climate change, the impacts of industry within 

the Arctic tend to be localised. Mineral, oil and natural gas production by the extractive 

industry requires infrastructure (residential and industrial), transport (by air, land and 

sea) and extraction (including seismic exploration and drilling) in the Arctic. Several 

articles in the literature investigated the impact of infrastructure. Bentzen et al. (2017) 

found no significant impact of distance to infrastructure on waterfowl and wader 

nesting success in the Prudhoe Bay oilfields of Alaska. Similarly, Liebezeit et al. (2009) 

found no significant impact of infrastructure on wader nest survival at Prudhoe Bay 

and six other sites across the Arctic Coastal Plain. However, Liebezeit et al. (2009) 

did find a significant negative impact of industrial infrastructure on passerine nesting 

success on the Arctic Coastal Plain. Specifically, infrastructure subsidised predators 

by providing novel nesting, perching and denning sites for gulls, skuas, Raven and 

Arctic fox, which increased the risk of nest predation. Similarly, Greater White-fronted 

Goose Anser albifrons nest survival decreased with proximity to abandoned industrial 

infrastructure in Alaska’s National Petroleum Reserve, likely due to increased 

predation, as Arctic fox dens were discovered within the abandoned buildings (Meixell 

and Flint, 2017).  

 

Regarding transport, road vehicles and aircraft in the National Petroleum Reserve in 

Alaska had limited impact on Greater White-fronted Goose nest survival. Geese were 

even recorded nesting along the side of gravel roads and between buildings (Meixell 

and Flint, 2017). Shipping, however, had negative impacts. There is a significant 

negative effect of chronic oil pollution associated with shipping on Brünnich’s Guillemot 

populations breeding in the Eastern Canadian Arctic (Wiese, Robertson and Gaston, 

2004). Oiling is a particular concern for species that dive for prey (Wong et al., 2018). 

Limited research on the impact of disturbance from extraction activity was available in 

the literature, but no significant impact of seismic activity on Pacific Common Eider S. 

m. v-nigrum and Long-tailed Duck Clangula hyemalis behaviour was found by Flint et 

al. (2003) in Prudhoe Bay.  
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Chemical manufacture 

Chemicals produced in industrialised parts of the world may escape or be released 

into the environment to become contaminants. These are transported northward by air 

and sea currents to accumulate in the Arctic (AMAP, 2015a). Arctic birds acquire these 

contaminants through the food chain (Fort et al., 2016) in both the breeding and 

wintering grounds (Fort et al., 2014). In Alaska, Miller et al. (2016) recorded toxic levels 

of selenium, cadmium and copper in tissues of Spectacled Eider Somateria fischeri. 

Also in Alaska, Perkins et al. (2016) found high blood mercury concentrations in 

Semipalmated Sandpiper Calidris pusilla, Pectoral Sandpiper Calidris melanotos and 

Red Phalarope Phalaropus fulicarius. Braune, Mallory and Gilchrist (2006) and Mallory 

et al. (2015) detected potentially toxic levels of mercury in Ivory Gull eggs and feathers 

in Canada. High levels of heavy metal contamination can negatively affect 

demographic rates: Goutte et al. (2015) found that the breeding probability of Black-

legged Kittiwakes was reduced by mercury contamination of the blood. Hargreaves, 

Whiteside and Gilchrist (2010) reported a negative relationship between blood 

mercury levels and reproductive success in Ruddy Turnstone Arenaria interpres, Grey 

Plover Pluvialis squatarola and Semipalmated Plover Charadrius semipalmatus, 

although these effects were generally weak and 15 other metal elements had no 

impact on fitness (5 were actually below detection limits). Other potential 

contamination threats mentioned in the literature included bromine-containing flame 

retardant and perfluorinated alkyl substance contamination of tissues and eggs of 

Arctic birds (e.g. Verreault, Gabrielsen and Berger, 2006; Verreault et al., 2007; Lucia 

et al., 2017), though these were not studied in as much detail as heavy metals. 

 

According to the literature, instances of toxic levels of heavy metal contamination 

appear to be declining. Braune (2007) found that heavy metal toxicity in Northern 

Fulmar Fulmarus glacialis, Black-legged Kittiwake and Brünnich’s Guillemot in the 

Canadian Arctic decreased between 1975 and 2003. Updated studies at the same site 

(Braune, Gaston and Mallory, 2016, 2019) found that mercury concentrations in the 

eggs of these species had plateaued since the 1990s. Burger et al. (2018) recorded 

cadmium, mercury, cobalt and arsenic below toxic levels in the blood of Semipalmated 

Sandpiper in Canada in 2013. A 2004 review by Mallory, Braune, et al. (2004) 

concluded that heavy metal elements including cadmium, selenium and copper were 
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below toxic levels in Common Eider in Canada and a study published in the same year 

by Mallory, Wayland, et al. (2004) also concluded trace metal elements were below 

toxic levels in Northern Fulmar and Black Guillemot in Canada. Finally, a 2010 to 2012 

study on blood mercury concentrations of 24 species in Greenland found that only 3 

of the species were at medium risk of mercury toxicity, while 11 were at low risk 

(Burnham et al., 2018). 

 

The principal focus of agricultural impacts in the literature was the indirect negative 

effects of organochlorine contamination in Arctic-breeding birds as a result of the 

release of agricultural pesticides into the environment in the wintering grounds. 

Organochlorine contamination can negatively affect body condition and demographic 

rates. Goutte et al. (2015) found that adult survival and breeding probability of Black-

legged Kittiwake was negatively associated with organochlorine contamination of the 

blood. Sagerup et al. (2009) found that Glaucous Gull with high levels of 

organochlorine contamination were emaciated. Organochlorine transfer into eggs can 

also impair egg quality (Verboven et al., 2009). Bustnes et al. (2003) detected 

organochlorines in the blood of Glaucous Gull in Fennoscandia and showed a negative 

impact on both adult survival and egg viability. Finally, Buckman et al. (2004) and 

Cleemann et al. (2000) detected organochlorine contaminants in the fat and livers of 

Little Auk, Brünnich's Guillemot, Black Guillemot, Black-legged Kittiwake, Ivory Gull, 

Glaucous Gull and Northern Fulmar in Arctic Canada, although impacts on survival 

and productivity were not discussed. 

 

As with heavy metal contamination, instances of organochlorine contamination appear 

to be decreasing according to the literature. Reported concentrations of legacy 

persistent organic pollutants in the Norwegian Arctic are low and appear to have 

decreased over time in Herring Gull Larus argentatus and Common Eider (Huber et 

al., 2015). Braune (2007) found that organochlorine contamination in the eggs of 

Northern Fulmar, Black-legged Kittiwake and Brünnich’s Guillemot in the Canadian 

Arctic decreased between 1975 and 2003 and, later, Braune, Gaston and Mallory 

(2016, 2019) found that organochlorine contamination in the eggs of these species 

had plateaued since the 1990s. Two 2002 to 2004 studies of organochlorines in eggs 

of seven Icelandic seabird species identified only one species (Great Skua 

Stercorarius skua) in which contamination was approaching problematic levels 
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(Jörundsdóttir et al., 2010, 2013). Organochlorine levels in eggs and tissues of Ivory 

Gull were below lethal levels in studies between 2004 and 2014 (Lucia et al., 2015, 

2017). A review by Mallory, Braune, et al. (2004) further concluded that concentrations 

of persistent organic pollutants were low in Canadian Common Eider, while Stout et 

al. (2002) concluded that organochlorine levels in Alaskan eider livers and kidneys 

were below toxic thresholds. 

 

The literature suggests that organochlorine contamination levels may also have a 

spatial element: satellite tracking by both Schmutz, Trust and Matz (2009) and 

McCloskey et al. (2018) suggested that Red-throated Diver Gavia stellata breeding in 

Alaska are exposed to organochlorine contamination on their wintering grounds in east 

Asia. Birds wintering in the Pacific may also be exposed to different, potentially higher 

levels of organochlorines than those wintering in the Atlantic, although limited research 

has yet been conducted on Pacific wintering birds (Peck et al., 2016). 

 

Agriculture 

Demographic responses of Arctic-breeding birds to agriculture were highly contrasted. 

On the southernmost fringes of the Arctic, Pavón-Jordán, Santangeli and Lehikoinen 

(2017) identified hyper-eutrophication as a pressure to waterbirds in northern Finland 

where agricultural and urban environments can be found. Here, nutrient flow from 

farmland catchments enters wetlands and is further compounded by higher 

temperatures and precipitation associated with climate change. The role of agriculture 

in population dynamics of herbivorous goose species was alluded to in the literature 

(e.g. Fox et al., 2010; Lamarre et al., 2017), but not the main focus of articles returned 

under our search terms. Intensive grass and cereal production in temperate areas 

provide a novel food resource for herbivorous geese during winter, contributing to the 

observed exponential increase in abundance of these species. However, the 

management of agricultural grassland for crops can compromise food availability for 

other guilds. For example, the lowering of water tables at a key staging area at 

Friesland in the Netherlands contributed to the redistribution of the traditional migrating 

Ruff Calidris pugnax population to more eastern flyways (Verkuil et al., 2012). 
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Fisheries 

Impacts of the fisheries industry on Arctic-breeding birds was primarily related to 

incidental bycatch. A 2009 study of incidental bycatch in just three small fisheries along 

the Northern Norwegian coast estimated over 11,000 birds were caught in longlines 

and gillnets, the majority of which were fulmars and auks (Fangel et al., 2015). Regular 

et al. (2010) identified bycatch in gillnets as a primary threat to Common Guillemot 

Uria aalge, while Anderson et al. (2018) and Merkel (2004) reported gillnets as a threat 

to Northern Fulmar in Canada and Common Eider in Greenland respectively. Declines 

in Glaucous Gull have been attributed to bycatch in groundfish and long-line fisheries 

(Petersen et al., 2015). Merkel et al. (2014) discussed a historical instance of 

Brünnich’s Guillemot bycatch in salmon driftnets in West Greenland. Up to 750,000 

guillemots were killed annually from the mid-1960s to the mid-1970s. Once the 

magnitude of the fishery reduced and the time period for fishing was changed, the 

bycatch problem resolved. In addition to bycatch, there is also recent evidence of birds 

(particularly Common Eider) colliding with ships, including fishing trawlers. At night, 

birds became disorientated by the powerful searchlights used to navigate vessels 

through ice (Merkel, 2010b). Some activity in the fisheries industry, however, can have 

positive impacts for fishing birds. For instance, past high populations of Glaucous Gull 

have been attributed to an abundance of offal discards from factories as a food supply 

(Petersen et al., 2015). 

 

Harvest for subsistence and sport 

Bird harvesting, both for subsistence and sport, has had profound effects on Arctic-

breeding birds. Harvest of waterfowl and seabirds is particularly pervasive. 

Overhunting is believed to be responsible for declines in Greenland White-fronted 

Goose (Fox et al., 2006), Northern Common Eider (Merkel, 2010a), Common 

Guillemot (Regular et al., 2010) and Brünnich’s Guillemot (Wiese, Robertson and 

Gaston, 2004; Merkel et al., 2014) among others. Egg harvest adds further pressure: 

past declines in Glaucous Gull have been attributed to egg collecting for subsistence 

(Petersen et al., 2015). Merkel et al. (2014) comment that illegal Brünnich’s Guillemot 

hunting and egg harvest during the breeding season in Greenland continues to such 

a degree that only colonies distant from large human settlements can thrive. 
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Furthermore, hunting has indirect effects – fatal lead poisoning from ingested shot can 

be a problem for species such as eider (Stout et al., 2002). 

 

However, the literature provides evidence that a reduction in hunting pressure has 

rapid downstream effects on population dynamics. For example, Common Eider in 

Greenland recovered rapidly following revision of hunting regulations in 2001 (Merkel, 

2010a; Burnham et al., 2012). The recovery of some Common Guillemot breeding 

colonies in Newfoundland during the 1990s was partly attributed to reduced hunting 

(Regular et al., 2010). The recovery of Greenland White-fronted Goose in the 1980s 

and 1990s was also a direct result of reduced winter hunting (Fox et al., 2006). Most 

remarkably, cessation of hunting in Britain allowed the Svalbard breeding Barnacle 

Goose to recover from 300 birds in 1948 to 4,000 by the 1960s (Mitchell et al., 2010). 

In Greenland, the number of seabirds harvested decreased since 1993, possibly as 

the economy shifts from subsistence-based to mixed (Booth and Knip, 2014). 

 

Altered community composition and interspecific interactions 

Climate change, industrial activity and harvesting can work in concert to disrupt the 

status quo of the community composition and interspecific interactions in the Arctic – 

indirectly impacting one species by causing changes in the dynamics of another. Two 

principal topics discussed in the literature were changes in traditional predator-prey 

interactions and hyperabundant goose populations. Kubelka et al. (2018) suggested 

that increases in Arctic wader nest predation are consistent with climate-induced 

changes to traditional predator-prey relationships; in particular disrupted lemming 

cycles and the behaviour and distribution of nest predators. However Bulla et al. 

(2019) subsequently disputed that nest predation rates have been disrupted due to 

climate change. Nonetheless, the indirect impact of disrupted lemming population 

cycles on Arctic-breeding birds was discussed in several earlier articles. Lemming 

populations occur in distinct boom and bust cycles and predators such as Arctic fox 

will increase in number during a lemming peak due to the abundance of prey and then 

switch to chicks and eggs of birds when lemmings are scarce the next year (e.g. 

Robinson, Franke and Derocher, 2014). In recent times climate change has instigated 

a breakdown in lemming cycles, some changing in amplitude and others even 

disappearing. Breeding Rough-legged Buzzard Buteo lagopus densities in Yamal, 
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Russia, decreased following disruption to the existing lemming cycle and shifts in the 

small rodent community composition, although, unexpectedly, breeding success in the 

remaining pairs actually increased (Fufachev et al., 2019). However, Aharon-Rotman 

et al. (2015) could not identify a strong link between breeding success and lemming 

regulated predation pressure in Russian and Alaskan wader populations nor impacts 

on wader population trends. Henden et al. (2011) also found no link between Willow 

Ptarmigan habitat occupancy and lemming dynamics in Fennoscandia. Furthermore, 

the Greenland Ecosystem Monitoring Annual Report (Christensen and Topp-

Jørgensen, 2018) documented a lemming peak in Zackenberg, Greenland, in 2017, 

after two decades of low density fluctuations, suggesting lemming cycles could return. 

 

A combination of climate change and agricultural intensification boosted several Arctic 

goose populations enormously during the 20th and 21st century. A number of articles 

in the literature suggest the externalities of hyperabundant goose populations are 

negatively affecting other guilds in the Arctic, particularly tundra-breeding waders and 

passerines. High densities of grazing geese amplify levels of herbivory to the point 

where it significantly alters tundra vegetation. Continuous grubbing and pulling by 

foraging geese can disrupt the freshwater wetlands on the tundra (Mariash, Smith and 

Mallory, 2018) and create non-vegetated patches across the landscape (Swift, 

Rodewald and Senner, 2017). This limits quality nesting habitat for ground-nesting 

waders and passerines within several kilometres of goose colonies (Swift, Rodewald 

and Senner, 2017; Flemming, Nol, Kennedy and Smith, 2019; Flemming, Smith, et al., 

2019). Open-nesting species were less strongly affected than cover-nesting species 

(Flemming, Smith, et al., 2019), but still in lower densities at goose colonies 

(Flemming, Nol, Kennedy and Smith, 2019). It is also possible that hyperabundant 

goose populations indirectly affect predation risk for other nesting species by 

augmenting populations of shared predators such as gulls, skuas, Raven and Arctic 

fox (Lamarre et al., 2017; Flemming, Nol, Kennedy, Bédard, et al., 2019). Predatory 

species such as Parasitic Skua Stercorarius parasiticus, Long-tailed Skua 

Stercorarius longicaudus, Herring Gull and Glaucous Gull have been seen to increase 

around large goose colonies (Flemming, Nol, Kennedy, Bédard, et al., 2019). 

However, the impacts of hyperabundant geese on sympatric waders and passerines 

has yet to be fully quantified, particularly in terms of strength and scale (Flemming et 

al., 2016). A long-term study found that, although herbivory by hyperabundant geese 
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can alter vegetation and lead to lower abundances of tundra and willow-nesting 

species, habitat alteration may need to be on a large scale to lead to significant 

population declines within a species (Sammler, Andersen and Skagen, 2008). 

 

Biases and knowledge gaps in the literature 

The number of positive, stable or negative population trends and positive, benign or 

negative impacts reported in each article was counted. In total, 152 positive trends, 

161 stable trends and 147 negative trends were reported. Also, 36 positive impacts, 

50 benign impacts and 124 negative impacts were reported. The even distribution of 

population trends reported may be due to the presence of a number of multi-species 

surveys and grey literature in this review. Multi-species surveys may include trends in 

any direction or may be more likely to be published by virtue of the number of species 

included. Grey literature may also be more likely to report trends in any direction as 

the results are not being presented for publication. 

 

The most recent Arctic Biodiversity Assessment by Conservation of Arctic Flora and 

Fauna (CAFF, 2013) identified harvest as one of the primary causes of population 

decline in Arctic-breeding birds. Overharvest remains a problem in inhabited areas of 

the Arctic and particularly on the East Asian flyway. Despite this, the impacts of hunting 

or egging for subsistence or sport were the focus of just 5% of articles returned in this 

review. Discussion of other consequences of harvest identified by CAFF - such as 

increased disturbance, shyness and crippling - was scarce in the literature. CAFF also 

identified climate change (especially altered community composition, phenological 

mismatches, vegetation shifts and increased parasites) as an important driver of 

population trends. In contrast to harvest, climate change impacts were well 

represented in the articles returned in this review (34%) and covered a broad range of 

impacts. However, CAFF identified habitat loss (particularly foraging habitat outside 

the breeding grounds) as a major cause of population decline, especially on flyways 

in the Americas, yet discussion on this was scarce in the literature returned. 

 

According to CAFF, the extraction industry and environmental contamination have less 

of an impact on population trends than harvest and climate change. However, studies 

on environmental contamination were abundant in the literature returned; heavy metal 
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toxicity and organochlorine contamination were the focus of over 20% of the total 

articles included in the review (63% of industry-focussed articles). This suggests that 

greater effort is allocated to research of contaminants in the Arctic than to other 

potential drivers of biodiversity change. Overall, this highlights some discrepancy 

between research interest and conservation priorities in the Arctic. 

 

Literature was biased towards particular regions and guilds of the Arctic. The majority 

of articles concerned the North American and European Arctic compared to Russia 

and Iceland. Almost twice as many articles concerned Canada than any other region. 

Among guilds, consistent pan-Arctic monitoring has been successfully conducted for 

many waterfowl species since the 1950s (particularly geese and swans), with detailed 

data available for a high proportion of populations. Also, a number of raptor, diver and 

seabird species have been closely monitored throughout the circumpolar Arctic since 

the 1980s. Monitoring of waders however, shows long temporal gaps between surveys 

and geographical inconsistencies. Similarly, few passerine or other guilds have been 

monitored in detail. A priority need is consistent monitoring of Arctic-breeding species 

to identify population changes and some programs (e.g. the Circumpolar Biodiversity 

Monitoring Program) have begun this process and should be continued and supported. 

Future research should make an effort to improve coverage in less well studied regions 

and guilds of the Arctic. 

 

Conclusion 

To summarise the most recent literature on Arctic-breeding birds, the general trend 

among large guilds is stable or positive (waterfowl, waders and passerines), except 

for a considerable amount of uncertainty surrounding seabird trends. The general 

trend among small guilds is also positive (raptors, divers and cranes), with the 

exception of grouse, which are experiencing negative trends. Literature on 

anthropogenic-source climate change impacts on the demographics of Arctic-breeding 

birds, particularly through weather and vegetation shifts, phenological mismatches 

and diminishing sea ice was prevalent. The strength and direction of these impacts 

varies among guilds and also between the low and high-Arctic. Literature on 

anthropogenic industrial activity (extraction, chemical, agriculture and fisheries) and 

especially heavy metal/organochlorine contamination was very prevalent, while 
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literature on the impacts of harvest was scarce. This is inconsistent with the 

conclusions of the CAFF Arctic Biodiversity assessment, which found that harvest, 

climate change and habitat loss were the primary impacts on the demographics of 

Arctic-breeding birds, indicating a discrepancy in research and conservation priorities. 

Overharvest and many industrial activities had historic negative impacts on 

demographic trends but updated regulations and improvements in policy have allowed 

some populations to recover. However, Arctic birds remain one of the most vulnerable 

groups to climate change. Continued pan-Arctic monitoring addressing knowledge 

gaps in regions and guilds and broader reporting of impacts on species’ demography 

will contribute to the preservation of the unique ecosystem and communities of the 

Arctic. 
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Abstract 

Anthropogenic climate disruption, including temperature and precipitation regime 

shifts, has been linked to animal population declines since the mid-20th century. 

However, some species, such as Arctic-breeding geese, have thrived during this 

period. An increased understanding of how climate disruption might link to 

demographic rates in thriving species is an important perspective in quantifying the 

impact of anthropogenic climate disruption on the global state of nature. The 

Greenland Barnacle Goose Branta leucopsis population has increased ten-fold in 

abundance since the mid-20th century. A concurrent weather regime shift towards 

warmer, wetter conditions occurred throughout its range in Greenland (breeding), 

Ireland and Scotland (wintering) and Iceland (spring and autumn staging). The aim of 

this study was to determine the relationship between weather and demographic rates 

of Greenland Barnacle Geese to discern the role of climate shifts in the population 

trend. We quantified the relationship between temperature and precipitation and 

Greenland Barnacle Goose survival and productivity over a 50 year period from 1968 

to 2018. We detected significant positive relationships between warmer, wetter 

conditions on the Icelandic spring staging grounds and survival. We also detected 

contrasting relationships between warmer, wetter conditions during autumn staging 

and survival and productivity, with warm, dry conditions being the most favourable for 

productivity. Survival increased in the latter part of the study period, supporting the 

possibility that spring weather regime shifts contributed to the increasing population 

trend. This may be related to improved forage resources, as warming air temperatures 

have been shown to improve survival rates in several other Arctic and northern 

terrestrial herbivorous species through indirect bottom-up effects on forage availability. 
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Introduction 

Some taxa are thriving since the mid-20th century despite the significant biodiversity 

decline that has occurred throughout the world’s major biomes (Inger et al., 2015; 

Ceballos, Ehrlich and Dirzo, 2017; Rosenberg et al., 2019). Much of the recent 

literature concerns the negative impacts of climate shifts on animal population trends 

across a variety of taxonomic classes (e.g. Crewe, Mitchell and Larrivée, 2019; 

Saalfeld et al., 2019; Wismer et al., 2019; Albouy et al., 2020). Indeed, the 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services 

(Díaz et al., 2019; IPBES, 2019) identified anthropogenic climate disruption as one of 

the main drivers of the global state of nature. However, shifts in the temperature and 

precipitation regime towards warmer, wetter conditions can benefit species’ 

demographic rates through direct physiological effects or through indirect effects 

frequently linked to food availability. Among terrestrial mammals, Vetter et al. (2015) 

and Weiskopf, Ledee and Thompson (2019) link increased abundance of wild boar 

Sus scrofa in Europe and white-tailed deer Odocoileus virginianus in North America 

to improved survival during ambient, warmer winters and to bottom-up effects of 

warmer temperatures on forage plant availability. Similarly, warmer, wetter weather 

improves winter survival of waterbirds in Northern Europe, likely due to reduced 

energetic and thermoregulatory costs (Pavón-Jordán, Santangeli and Lehikoinen, 

2017). Warmer early breeding season temperatures are found to improve productivity 

in Pink-footed Geese Anser brachyrhynchus and Snow Geese Anser caerulescens, 

likely driven by earlier access to forage and nesting sites because of early snow melt 

(Morrissette et al., 2010; Jensen et al., 2014). In marine systems, Henderson and 

Seaby (2005) found that increased sea temperature during warmer winters in England 

led to an exponential increase in sole Solea solea abundance due to faster 

development. Lynam et al. (2011) also linked Aurelia and Cyanea jellyfish abundance 

in the Irish Sea to increased sea temperatures, although the mechanisms behind this 

trend were unknown. Undoubtedly, it is important to consider species that are thriving 

alongside those in decline in order to fully comprehend the impact of anthropogenic 

climate disruption on the global state of nature. It is especially important in vulnerable 

ecosystems such as the Arctic, where the speed and magnitude of climate disruption 

is amplified (Praetorius et al., 2018). 
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An unprecedented increase in the abundance of Anserinae (true geese) in Europe and 

North America since the mid-20th century has been observed, e.g. Ross’s Goose 

Anser rossii, with numbers increasing by 11.7% per annum between 1975 and 2014 

(Fox and Madsen, 2017; Fox and Leafloor, 2018; U.S. Fish and Wildlife Service, 

2018). Barnacle Geese Branta leucopsis are among the most successful: census 

counts show the Greenland Barnacle Goose population alone has increased ten-fold 

since 1959 (Doyle et al., 2018; Mitchell and Hall, 2018). This population breeds in 

North-east Arctic Greenland and migrates to Ireland and Scotland for winter, staging 

in Iceland during spring and autumn (Figure 3.1a). The population growth has been 

attributed to legislation introduced in the 1980s and agricultural land-use change since 

the 1950s. The legislation involved protection from winter season hunting and 

provision of wildlife reserves at key wintering sites (Fox et al., 1990; Bainbridge, 2017). 

Grassland crop intensification using modern agricultural technology also provided an 

abundant novel forage resource for herbivorous waterfowl in Europe (Fox and 

Abraham, 2017). However, the role of climate shifts in this exponential population 

trend is also of great interest, as climate shifts since the mid-20th century have shaped 

trends in many other animal species. 

 

The most recent Intergovernmental Panel on Climate Change assessment (IPCC, 

2013) reports a shift towards a warmer, wetter weather regime throughout Greenland 

and Northern Europe since the mid-20th century that coincides with the increase in 

Greenland Barnacle Goose abundance. Existing evidence (e.g. Cabot and West, 

1973; Fox and Gitay, 1991; Mason et al., 2017) suggests climate shifts could strongly 

influence Greenland Barnacle Goose survival and productivity and, hence, 

abundance. The Isle of Islay in Scotland (Figure 3.1b) is the largest wintering site for 

Greenland Barnacle Geese, supporting around half of the wintering population in 2018 

(Mitchell and Hall, 2018). Previous research on Islay indicates that goose abundance 

varies with weather conditions: it is positively associated with warmer, drier conditions 

in Scotland in winter and in Greenland in August (Mason et al., 2017). However, the 

effect of weather conditions on individual demographic rates is only known in part. Fox 

and Gitay (1991) found that the proportion of juveniles on Islay from 1961 to 1986 was 

positively associated with warmer, wetter conditions in Scotland in April, but warmer, 

drier conditions in Iceland in spring and drier conditions in Greenland in May. An earlier 

study at a second key wintering site on the Inishkea Islands in Ireland (Figure 3.1b), 
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which supported up to 7% of the total population, also found that mean brood size 

from 1963 to 1971 was positively associated with warmer conditions in Ireland in winter 

(Cabot and West, 1973). To our knowledge, there are no similar analyses of survival 

in the Greenland Barnacle Goose and the Agreement on the Conservation of African-

Eurasian Migratory Waterbirds International Single Species Management Plan for the 

Barnacle Goose (Jensen et al., 2018) notes the limited amount of demographic data 

available outside Islay. Weather conditions often have contrasting effects on survival 

and productivity rates within a population (e.g. high June North Atlantic Oscillation 

indices were positively associated with survival and negatively associated with 

productivity rates of Light-bellied Brent Goose Branta bernicla hrota in Canada; 

Cleasby et al., 2017), therefore testing multiple demographic rates provides a greater 

understanding of variation in abundance that may not be apparent from a single 

demographic rate alone. 

Figure 3.1 (a) Greenland Barnacle Goose wintering, staging and breeding grounds and (b) two key 
wintering sites, the Isle of Islay in Scotland and the Inishkea Islands in Ireland. The months of the year 
spent in each part of the range are in parentheses 
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The role of climate shifts in thriving populations receives less attention compared to 

declining populations. The aim of this study was to determine the relationship between 

weather and demographic rates of a species thriving since the mid-20th century, to 

understand the role of climate shifts in the population trend. Using an extensive 50 

year demographic dataset from 1968 to 2018, we quantify the effects of temperature 

and precipitation on Greenland Barnacle Goose survival and productivity. This 

analysis provides new insight into factors affecting survival and expands on previous 

research by Cabot and West (1973) and Fox and Gitay (1991) using more recent 

productivity data from Inishkea (proportion of juveniles and mean brood size in the 

overwintering population). The results add to our understanding of the impact of 

anthropogenic climate disruption on animal populations. 

Methods 

Study system 

In this study, we define the breeding-year as October to October and categorise five 

life history stages based on breeding biology: winter (October to March on wintering 

grounds in Ireland and Scotland), spring (April and May on staging grounds in Iceland), 

early summer (May to July on breeding grounds in Greenland), late summer (August 

and September on breeding grounds in Greenland) and autumn (September and 

October on staging grounds in Iceland) (Figure 3.1a). The five stages reflect (i) 

overwintering, (ii) pre-breeding spring migration, (iii) nesting and gosling care, (iv) 

post-breeding summer and (v) autumn migration. We divided the analysis into life 

history stages to avoid a large number of covariates in one model that may introduce 

multicollinearity, yet retain detailed resolution and account for spatial movement. 

Data collection 

Between breeding-year 1968 and 2017, 574 adult male, 585 adult female, 50 juvenile 

male and 124 juvenile female Greenland Barnacle Geese were captured in Greenland 

and Ireland. Captures took place annually, but the timing, locations and numbers 

captured varied (see Supplementary Material 3.1 for full details). All geese were aged 

based on plumage (juvenile up to one year or adult), sexed by cloacal examination 

and tagged with individual three-digit alpha-numeric leg-rings. Subsequent 

resightings, recaptures or other recoveries of tagged geese, were submitted by a 
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network of volunteers from all parts of the range throughout the year. The initial 

captures and 22,849 resightings/recaptures/recoveries were used to construct 

encounter histories at breeding-year intervals for each goose. Annual survival rates 

based on these encounter histories were generated using Cormack-Jolly-Seber (CJS) 

models (Seber, 1982) conducted in Programme MARK 8.2 (White and Burnham, 

1999) via the R statistical language and environment 3.5.1 (R Core Team, 2018) using 

the RMark package 2.2.5 (Laake, 2013). The two CJS parameters were apparent 

survival (ϕ) and encounter probability (p), as defined by Lebreton et al. (1992). 

Two measures of productivity were estimated to allow for comparison to previous 

studies: proportion of juveniles and mean brood size in the overwintering population 

on Inishkea from breeding-year 1968 to 2017. Data were collected annually through 

~16 days of observation between October and March. The exact timing and length of 

collection varied due to restricted site access (e.g. storms). 

Mean temperature (°C) and accumulated precipitation (mm) values recorded at 

weather stations were included as covariates in our analysis. To cover the range of 

the geese, values from two weather stations in each part of the range were averaged: 

54°13'N 10°0'W and 56°30'N 6°52'W (wintering grounds; Met Éireann and Met Office), 

65°41'N 18°06'W and 64°16'N 15°13'W (staging grounds; Veðurstofa Íslands) and 

76°46'N 18°40'W and 70°29'N 21°57'W (breeding grounds; Danmarks Meteorologiske 

Institut). Values were then averaged for each life history stage. Table 3.1 provides a 

summary of all environmental covariates and Supplementary Material 3.2 provides full 

details of data acquisition. 

Data on the overall population trend were drawn from the International Census of 

Greenland Barnacle Geese. Full censuses were conducted 10 times within the 1968 

to 2018 study period at approximately five-year intervals (see Mitchell and Hall, 2018, 

and references within). The censuses provide the total number of geese in breeding-

year 1972, 1977, 1982, 1987, 1993, 1998, 2002, 2007, 2012 and 2018, from which 

the population trend can be gauged. 
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Table 3.1 Summary of environmental covariates. The weather measurement, life history stage, months 
of the breeding-year and area of the Greenland Barnacle Goose range are outlined. Temporal trends 
(β) and significance (P) based on a linear regression are also provided 

covariate life history stage months area of range temporal trend 

m
e

a
n

 t
e

m
p

e
ra

tu
re

 (
°C

)

winterTemp winter Oct - Mar 
wintering grounds 
(Ireland & Scotland) 

1968 - 2018: 
β = 0.02, 
P = 0.001. 

springTemp spring Apr & May 
staging grounds 
(Iceland) 

1968 - 2018: 
β = 0.03, 
P = 0.025. 

early summerTemp early summer May - Jul 
breeding grounds 
(Greenland) 

1968 - 2018: 
β = 0.04, 
P < 0.001. 

late summerTemp late summer Aug & Sep 
breeding grounds 
(Greenland) 

1968 - 2018: 
β = 0.08, 
P < 0.001. 

autumnTemp autumn Sep & Oct 
staging grounds 
(Iceland) 

1968 - 2018: 
β = 0.04, 
P < 0.001. 

a
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a
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m

m
)

winterPrec winter Oct - Mar 
wintering grounds 
(Ireland & Scotland) 

1968 - 2018: 
β = 2.48, 
P = 0.008. 

springPrec spring Apr & May 
staging grounds 
(Iceland) 

1981 - 2018: 
β = 1.51, 
P = 0.023. 

early summerPrec early summer May - Jul 
breeding grounds 
(Greenland) 

1968 - 2018: 
β = 1.86, 
P = 0.049. 

late summerPrec late summer Aug & Sep 
breeding grounds 
(Greenland) 

1968 - 2018: 
β = 4.90, 
P = 0.015. 

autumnPrec autumn Sep & Oct 
staging grounds 
(Iceland) 

1978 - 2018: 
β = 2.19, 
P = 0.037. 

Trends in environmental covariates and demographic rates 

Survival and productivity rates over time were non-linear. Residual plots indicated that 

models assuming a fixed linear form of the relationship between survival or productivity 

and breeding-year did not adequately describe the data, yet the specific functional 

form remained unclear. Because of this, generalised additive models (GAM) in R with 

a thin plate regression spline for breeding-year were used to investigate and visualise 

patterns in survival, proportion of juveniles and mean brood size over time. A logit link 

and beta distribution were specified for survival and proportion of juveniles (because 

these assumed values within the interval 0-1) and an identity link and gaussian 

distribution were specified for mean brood size. All population rates are presented in 

Figure 3.2, with values available in Supplementary Material 3.3. 
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The long-term trend in each environmental covariate was tested using linear 

regression in R (Table 3.1 and Supplementary Material 3.2). All temperature 

covariates showed significant increases since 1968. Precipitation covariates also 

showed significant increases, although increases during spring and autumn did not 

become evident until the late 1970s/early 1980s. 

 

Statistical models 

The statistical analysis comprised four tests: i) survival, ii) proportion of juveniles and 

iii) mean brood size as a function of environmental covariates, and (iv) the proportion 

of the overall population trend explained by environmental covariates. As the 

environmental covariates were in time series and on assorted scales, each variable 

was detrended by subtracting the least-squares regression fitted values and then 

scaled by subtracting the mean and dividing by the standard deviation. The former 

removes systematic trends from data to reveal annual fluctuations, whilst the latter 

standardises measurements on different scales to test for meaningful additive effects. 

 

i) Survival. Goodness of fit of the survival data to our global CJS model was 

tested using program RELEASE (Burnham et al., 1987). The data violated the 

assumption of equal probability of recapture. This individual heterogeneity in 

detection among tagged geese could have a number of biological explanations. 

Because geese are monogamous, tags on pair-bonded couples are likely to be 

seen together. Also, there may be bias in data collection when birdwatchers are 

attracted to certain sites with predictable aggregations of geese and because 

geese are faithful to particular sites. A preliminary analysis was conducted to test 

if ϕ or p were dependent on age, sex and time and if there were interactive effects 

of age and sex. This revealed that ϕ was sex-dependent and p was age-

dependent, therefore these parameters were included in the main analysis. In 

the main analysis, a full model was fitted to test if ϕ was dependent on 

temperature or precipitation or if there were interactive effects of temperature 

and precipitation: 

ϕ( ~ sex + Temp * Prec) p( ~ age) 

ii) Proportion of juveniles. The relationship between proportion of juveniles and 

environmental covariates was analysed using beta regression models (betareg 
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package 3.1-1; Cribari-Neto and Zeileis, 2010) in R, with a logit link for the mean 

parameter and identity link for the precision parameter. Beta regression is 

advantageous to transformations (such as log) as it better accommodates natural 

heteroscedasticity and asymmetry in 0-1 data (Ferrari and Cribari-Neto, 2004). 

A full model was fitted to test the relationship between proportion of juveniles and 

the interaction of temperature and precipitation: 

betareg(proportion juveniles ~ Temp * Prec) 

iii) Mean brood size. The relationship between mean brood size and 

environmental covariates was analysed using linear regression models in R. A 

full model was fitted to test the relationship between mean brood size and the 

interaction of temperature and precipitation: 

lm(mean brood size ~ Temp * Prec) 

Model simplification was conducted for each of the full models described above. The 

significance of the interaction term and the individual covariates was determined using 

likelihood ratio tests until all uninformative parameters were removed and results were 

derived from the final model. This process was repeated for each of the five life history 

stages. 

 

iv) Overall population trend. In the final stage of our analysis, we quantified 

what proportion of the Greenland Barnacle Goose population trend could be 

explained by significant environmental covariates identified in the preceding 

models. Census counts were modelled as a function of the selected covariates 

using generalised linear regression with quasi-poisson errors, as census counts 

were overdispersed and the sample size was small. Because censuses were 

conducted at five-year intervals, we averaged covariate values for each interval 

rather than estimating intra-interval population size by linear interpolation. 

Despite a much smaller sample size (n = 10 versus n = 50), this method was 

preferable because interpolated values produced non-random patterns in model 

residuals and are unlikely to be representative of the true population size. The 

proportion of the Greenland Barnacle Goose population trend explained by the 

selected covariates was taken as the proportion deviance explained (adjusted-

D2; Guisan and Zimmermann, 2000) by the model. 
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Results 

Survival 

Apparent female survival (mean 0.88 ± 0.004) was marginally but significantly higher 

than male survival (mean 0.86 ± 0.005). Adult encounter probability (0.65 ± 0.006) was 

significantly higher than juvenile encounter probability (0.53 ± 0.017). Annual survival 

was derived from female values extracted from the ϕ( ~ sex + time) p( ~ age) model 

(Figure 3.2a). The GAM indicated an association between annual survival and 

breeding year (P < 0.001). Plotting the smoothed term of the fitted GAM suggests an 

increase in survival over time is evident in the latter part of the study period (Figure 

3.2b). 

The final spring model included additive effects of the covariates temperature (β = 

0.16, 95% CI 0.07 - 0.25) and precipitation (β = 0.35, 95% CI 0.24 - 0.47). A 1sd 

(standard deviation) increase in spring temperature was associated with an 18% 

relative increase in survival (Figure 3.3a), while a 1sd increase in spring precipitation 

was associated with a 42% relative increase (Figure 3.3b). These units represent large 

but relevant regime shifts: 1sd in spring temperature and precipitation in Iceland 

equates to 1.2°C and 46mm, while mean spring temperature and precipitation in 

Iceland over the study period was 4.2°C and 85mm. The final autumn model also 

included additive effects of temperature (β = -0.17, 95% CI -0.26 - -0.07) and 

precipitation (β = 0.22, 95% CI 0.14 - 0.30). In contrast to the effect of spring 

temperature, a 1sd increase in autumn temperature was associated with an 15% 

relative decrease in survival (Figure 3.3c). Similar to the effect of spring precipitation, 

a 1sd increase in autumn precipitation was associated with a 25% relative increase in 

survival (Figure 3.3d). A 1sd in autumn temperature and precipitation in Iceland 

equates to 1.2°C and 74mm, while mean autumn temperature and precipitation over 

the study period was 5.5°C and 171mm. 

Productivity 

The mean proportion of juveniles on Inishkea during the study period was 0.07 (range 

0.01 - 0.19) (Figure 3.2c). The GAM did not indicate an association between annual 

proportion of juveniles and breeding year (P  = 0.36) and a plot of the smoothed term 

suggests a stable trend over time (Figure 3.2d). The final autumn model included 
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additive effects of the covariates temperature (β = 0.16, 95% CI -0.01 - 0.33) and 

precipitation (β = -0.30, 95% CI -0.47 - -0.13). A 1sd increase in autumn temperature 

was associated with a 17% relative increase in the proportion of juveniles (Figure 

3.3e), while a 1sd increase in autumn precipitation was associated with a 26% relative 

decrease (Figure 3.3f). This model explained 17% of variation in the annual proportion 

of juveniles (pseudo-R2). 

 

Mean brood size on Inishkea during the study period was 1.81 young (range 1.00 - 

2.26) (Figure 3.2e). Although the GAM did not indicate an association between annual 

mean brood size and breeding year (P  = 0.29), a plot of the smoothed term suggests 

a slight decrease over time (Figure 3.2f). Similar to proportion of juveniles, the final 

autumn model included additive effects of the covariates temperature and  

precipitation. A 1sd increase in autumn temperature was associated with a 0.11 ± 0.04 

increase in mean brood size (Figure 3.3g), while a 1sd increase in autumn precipitation 

was associated with a -0.10 ± 0.04 decrease (Figure 3.3h). This model explained 13% 

of variation in mean brood size (adjusted-R2). 

 

Total population trend 

The environmental covariates of interest identified in the survival and productivity 

models were: springTemp, springPrec, autumnTemp and autumnPrec. The association 

between these covariates and census counts was analysed in two separate models to 

avoid variance inflation. A model containing additive effects of spring temperature and 

spring precipitation had an adjusted-D2 of 0.73, indicating spring weather explains 

73% of the Greenland Barnacle Goose population trend. A second model containing 

additive effects of autumn temperature and autumn precipitation had an adjusted-D2 

of 0.47, indicating autumn weather explains 47% of the population trend (note that 

each model must be interpreted separately and the adjusted-D2 of the two models 

cannot be considered additively).
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Figure 3.2 Left panels: Greenland 
Barnacle Goose demographic 
rates over time. The dashed line 
represents a locally weighted 
smoother added to visualise long-
term trends. Right panels: plots of 
the smoothed term of the fitted 
generalised additive models 
(GAM). Breeding-year is plotted 
against smoothed (s) breeding-
year to demonstrate changes in 
the function of breeding-year. The 
dashed lines represent standard 
error around the smooth and the 
estimated degrees of freedom 
(edf) for the smooth is indicated. (a 
- b) Annual apparent survival 
(adult female values). The function 
of breeding-year changes from 
level and horizontal to increasing 
and upward as breeding-year 
increases. (c - d) Annual 
proportion of juveniles observed in 
the overwintering population on 
Inishkea. The function of 
breeding-year remains level and 
horizontal. (e - f) Annual mean 
brood size observed in the 
overwintering population on 
Inishkea. The function of 
breeding-year is slightly 
decreasing and downward but 
remains consistent as breeding-
year increases
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Figure 3.3 Relationship between Greenland Barnacle Goose demographic rates and mean temperature 
(°C) or accumulated precipitation (mm) during spring (April and May) or autumn (September and 
October) on the staging grounds in Iceland, based on the final models. (a - d) annual apparent survival 
(adult female values), (e - f) annual proportion of juveniles (birds up to one year old) observed in the 
overwintering population on Inishkea, (g - h) annual mean brood size observed in the overwintering 
population on Inishkea. In all plots, the line represents the best fit least squares regression with shaded 
95% confidence intervals 
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Discussion 

This study examined demographic trends in Greenland Barnacle Geese during a time 

of intense anthropogenic climate disruption from 1968 to 2018. Census counts 

demonstrate that the population increased markedly over this period. Based on our 

capture-mark-recapture data, survival also increased and is positively associated with 

temperature and precipitation on the spring migration staging grounds, while weather 

station records confirm that spring temperature and precipitation increased on the 

staging grounds over the study period. Taken together, we suggest that weather 

regime shifts towards warmer, wetter spring conditions in Iceland improved survival 

rates. Barnacle Goose population growth rate is strongly influenced by adult survival 

(Layton-Matthews et al., 2019), therefore even a modest increase in survival rate may 

have contributed, in part, to the thriving population trend. This is further supported in 

that spring weather could explain 73% of variation in census counts (bearing in mind 

that n = 10). This result is in contrast to the negative impacts of anthropogenic climate 

disruption on animal population trends frequently reported in the literature. For 

example, the increasing Greenland Barnacle Goose trend contrasts sharply with the 

declining trend observed in White-fronted Geese Anser albifrons flavirostris that breed 

in West Greenland. Boyd and Fox (2008) suggest that increased precipitation in West 

Greenland has had a negative impact on productivity in this species since the 1980s, 

possibly because snow cover inhibits access to forage plants in the early breeding 

season. Such contrasts among closely related species highlight the importance of 

determining links between climate disruption and demographic rates, even among 

species with subtle life history variations. 

In addition, our analysis detected contrasting effects of autumn migration weather 

conditions on survival and productivity. Based on observations at a key wintering site 

on Inishkea, productivity remained stable or decreased slightly over the study period. 

Autumn temperature was positively associated with productivity but negatively 

associated with survival, while autumn precipitation was negatively associated with 

productivity but positively associated with survival. Weather station records confirm 

that autumn temperature and precipitation also increased on the staging grounds over 

the study period and our model indicates that autumn weather explained 47% of 

variation in census counts (n = 10). Taken together, we suggest that conditions during 
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autumn migration influence the number of juveniles that ultimately survive to be 

recruited into the overwintering population the following breeding-year. We further 

suggest that there is trade-off between survival and productivity related to weather 

conditions during this period of the annual cycle, with warm, dry conditions being most 

favourable for productivity rate and least favourable for survival rate. Parental 

investment and survival trade-offs may occur during autumn migration if the presence 

of offspring delays departure or increases danger en route, as suggested by Cleasby 

et al. (2017). 

 

Global change and herbivorous species 

Greenland Barnacle Goose survival was positively affected by above average mean 

temperature and accumulated precipitation during April and May on the staging 

grounds in Iceland. This could be related to the improved natural and agricultural 

forage growth observed in Iceland following weather regime shifts (Helgadóttir, 

Eythórsdóttir and Jóhannesson, 2013). In a recent study of Svalbard Barnacle Geese, 

Tombre et al. (2019) suggest that increased temperatures in the Norwegian spring 

staging grounds improved forage growth at more sites, reducing competition by 

allowing geese to colonise additional areas and contributing to the dramatic increase 

in overall population size. Svalbard Pink-footed Goose survival was similarly positively 

associated with warmer springs in their Norwegian staging grounds (Kéry, Madsen 

and Lebreton, 2006), suggesting that conditions during spring migration are an 

important factor in annual survival of Arctic-breeding Anserinae. Based on six species 

of Arctic-breeding migrant waders, Weiser et al. (2018) also concluded that adult 

survival rates were closely associated with conditions at the staging grounds. 

However, it must be recognised that tagging and resighting of birds in our analysis 

encompassed only a subset of a larger population. Because this population is open, 

permanent emigration among sites and leg-ring loss could be misconstrued as 

mortality. Therefore, these values represent minimum apparent survival estimates. 

 

Improved forage growth and protein content as a result of weather regime shifts has 

been a significant factor in population trends of other thriving herbivorous birds and 

mammals. Kéry, Madsen and Lebreton (2006) attribute improved survival in Pink-

footed Geese to improved forage growth during warmer and wetter winters. Albon et 
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al. (2017) found that female reindeer Rangifer tarandus platyrhynchus in Svalbard 

gained heavier body weights following warm summers with increased forage biomass. 

The analysis indicated that June and July temperature accounted for 36% of variation 

in body mass at summer’s end. Longer growing seasons and vegetation shifts due to 

warmer temperatures have allowed sub-Arctic herbivores such as moose Alces spp. 

and snowshoe hare Lepus americanus to extend their range northward (Ewacha, Roth 

and Brook, 2014; Tape et al., 2016). In temperate climates, Vetter et al. (2015) 

demonstrate how warmer winters indirectly contributed to the boom in wild boar across 

Europe through increased food availability. Beech mast years, which are highly 

beneficial to the wild boar, have also increased in frequency since the 1980s. Weather 

shifts are also the primary driver of range expansion in white-tailed deer in North 

America: longer plant growing seasons as a result of warming temperatures improved 

survival (Dawe and Boutin, 2016).  

 

Clearly, terrestrial herbivores are prevalent among thriving taxa, suggesting that the 

indirect effect of climate disruption on forage resources is a key factor in current animal 

population trends. Indeed, de Sassi and Tylianakis (2012) showed experimentally that 

climate warming can disproportionately increase herbivore over plant biomass and 

that herbivores will be the most likely taxonomic group to thrive under warming 

conditions – a situation observed in many ecosystems today. Land-use change such 

as agricultural intensification and specialisation also plays an additive role by 

improving forage resources. Many herbivorous waterfowl preferentially forage on 

cultivated grass and cereal crops (Fox and Abraham, 2017) and Greenland Barnacle 

Goose abundance on Islay was strongly linked to the area of managed grassland 

available in winter by Mason et al. (2017). Again, this highlights the contrast between 

thriving and declining species: land-use change was also identified as one of the main 

anthropogenic drivers of change in the global state of nature (IPBES, 2019).  

 

Hunting 

Direct exploitation, such as hunting for sport, was another main driver of change 

identified by IPBES (2019). Greenland Barnacle Geese are legally protected from 

winter season hunting since the 1980s, which likely contributed to the increasing 

population trend (Fox et al., 1990). Cessation of winter season hunting of the Svalbard 
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Barnacle Goose, for example, allowed the population recover from just 300 birds in 

1948 to 4,000 by the 1960s (Mitchell et al., 2010). Hunting of the Greenland population 

remains legal in Greenland and Iceland during autumn but official bag statistics are 

only available from 1995 to 2017 (Statistics Iceland, 2020) and indicate stable trends. 

The population also experiences lethal management on Islay since 2001 under the 

Derogation provided by Article 9 of the Birds Directive (European Union, 2009). Official 

bag statistics (Scottish Natural Heritage, 2020) indicate that the bag trebled between 

2001 and 2015. It is possible that hunting mortality could mask weather effects on 

demographic rates in our analysis by augmenting the ‘natural’ mortality rate of 

juveniles or tagged birds. 

Comparison to previous studies 

Our analysis did not detect the effect of winter, spring and early summer conditions on 

the proportion of juveniles detected on Islay by Fox and Gitay (1991). Furthermore, 

the positive effect of winter temperature on mean brood size found by Cabot and West 

(1973) on Inishkea between 1963 and 1971 was no longer apparent for 1968 to 2018. 

It could be that with continued weather shifts, advantages at one stage in the breeding 

cycle are now offset by disadvantages at other stages and masked because juveniles 

are counted in winter (Nolet et al., 2019). It is also possible that our results are 

influenced by annual variation in the distribution of juveniles among wintering sites and 

that effects of weather on productivity are only apparent in some subsets of the 

population. 

The absence of a difference between adult and juvenile survival was expected 

because most juveniles were tagged on the wintering grounds after completing first 

migration, which is one of the highest periods of juvenile mortality (Owen and Black, 

1989). Survival values based on the preliminary CJS model indicated that female 

survival (88%) was marginally but significantly higher than males (86%). Overall mean 

adult survival (87%) was similar to mean adult survival on Islay (84%) based on 

capture-mark-recapture data between 1983 and 2006 (Trinder, 2014). It should be 

noted, however, that ‘natural’ mortality is not distinguished from leg-ring loss or hunting 

in these estimates. Hunting mortality on Islay may explain the lower survival estimates 

at this site, although geese within our analysis were regularly recorded on Islay.  
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Consequences of weather regime shifts 

Despite the current population trend, continued climate disruption in Northern Europe 

and Greenland may ultimately have negative consequences for Greenland Barnacle 

Geese and other Arctic species. For example, phenological mismatches during 

warmer springs are being observed among Arctic-breeding migrants (Clausen and 

Clausen, 2013; Leung et al., 2018). During migration, Arctic geese depend on 

seasonal forage peaks to fuel energetically costly activities. With continued weather 

regime shifts, phenological mismatches can develop between forage peaks and 

energetic requirements, often with negative consequences for productivity (Lameris et 

al., 2017). Climate disruption may also alter the traditional predator-prey relationships 

of the tundra by increasing goose predator numbers such as Arctic fox Vulpes lagopus 

(Layton‐Matthews et al., 2020). Among herbivorous mammals, reindeer in the Arctic 

are being negatively affected by warmer, wetter winters due to ‘rain-on-snow’ events 

– icing caused by rain falling on snow that restricts access to forage, resulting in 

starvation – as observed in Svalbard reindeer (Albon et al., 2017; Pedersen et al., 

2018). It is interesting to note that the greatest variation in summer precipitation 

coincides with the greatest variation in Barnacle Goose productivity in our dataset. 

Variation in Greenland summer precipitation increased substantially in the 2010s (see 

Supplementary Material 3.2). The highest proportion of juveniles since 1968 was 

recorded in 2016 (0.19), while the lowest was recorded in 2012 (0.01). Although we 

cannot draw conclusions from this, future research may reveal significant patterns and 

potential population fluctuations. 

 

Intensified changes in structure and functioning of the tundra ecosystem may also 

have negative consequences. In Arctic Alaska, Thompson et al. (2016) investigated 

the response of 17 passerines, ptarmigan and shorebirds to increased vegetation 

biomass in their nesting habitat associated with climate warming. They found that 

initial increases in vegetation height and cover were beneficial to most species but, as 

the magnitude of change increased, predicted that the height and cover of vegetation 

would render the habitat unsuitable for a considerable number of species. Sometimes 

the thriving species themselves are responsible for structural change: hyper-intensive 

grazing by hyper-abundant Snow Goose populations has altered tundra structure and 

functioning in parts of Arctic Canada (Mariash, Smith and Mallory, 2018). Similar 
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ecosystem impacts have been observed in temperate climates: epidemics of mountain 

pine beetle Dendroctonus ponderosaeon on Pinus trees, for example, are becoming 

more prevalent in North America (Mitton and Ferrenberg, 2012). 

 

Conclusion 

Anthropogenic climate disruption has mixed effects on animal population trends. Our 

study shows that survival in an Arctic-breeding migrant bird was positively associated 

with warmer, wetter conditions during spring staging over the past 50 years. Adult 

survival is known to have a greater influence on population growth rate than 

productivity in this species. Survival rates increased, while a concurrent regime shift 

towards warmer, wetter conditions occurred, supporting the view that weather regime 

shifts contributed in part to the increasing population trend observed since the mid-

20th century. Our study also detected contrasting effects of warmer, wetter conditions 

during autumn staging on survival and productivity. Warm, dry conditions were the 

most favourable for the number of juveniles recruited into the overwintering population 

on Inishkea, but no long-term trends in productivity were observed aside from 

increased variability in recent years. Greenland Barnacle Geese are one of a number 

of herbivorous birds and terrestrial mammals with thriving population trends, and the 

indirect effect of climate disruption on forage resources is likely a key factor explaining 

this pattern. However, continued climate disruption could ultimately have negative 

consequences for Arctic species, such as phenological mismatches, altered 

community composition and ecosystem function and population fluctuations. 
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Supplementary Material 3.1 Capture effort 

Table S3.1.1 Number of Barnacle Geese captured by location and 
breeding year 

breeding year Greenland Ireland 

1968 0 1 
1969 0 5 
1970 0 7 
1971 0 41 
1972 0 68 
1973 0 11 
1974 0 41 
1975 0 5 
1976 0 14 
1977 0 47 
1978 0 4 
1979 0 6 
1980 0 44 
1981 0 52 
1982 0 26 
1983 0 39 
1984 338 37 
1985 11 17 
1986 0 2 
1987 98 18 
1988 0 24 
1990 0 12 
1991 0 1 
1992 0 5 
1993 0 20 
1994 0 7 
1996 0 13 
1997 0 72 
1998 0 6 
1999 0 7 
2000 0 15 
2001 0 16 
2002 0 6 
2004 0 5 
2005 0 6 
2006 0 21 
2007 0 2 
2008 0 19 
2009 0 21 
2010 0 45 
2011 0 2 
2012 0 5 
2014 0 5 
2015 0 28 
2017 0 32 
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Supplementary Material 3.2 Environmental data 

 
Table S3.2.1 Acquisition of local weather data 

wintering grounds (North-west Ireland and North-west Scotland) 

Source Met Éireann & Met Office 

Web address 
www.met.ie/climate/available-data/historical-data 
www.metoffice.gov.uk/public/weather/climate-historic/#?tab=climateHistoric 

Stations Belmullet (station 2375; Met Éireann) & Tiree (Met Office)  

Data 

Values for precipitation amount (mm) and mean air temperature (°C) were 
extracted from Belmullet and values for maximum temperature (tmax), minimum 
temperature (tmin) (averaged to obtain mean temperature) and total rainfall (mm) 
were extracted from Tiree. Values were averaged between stations and then 
averaged across the months Oct – Mar. Note that the months Nov and Dec will be 
one calendar year preceding the months Jan to Mar (i.e. Nov 1979 - Mar 1980). 

staging grounds (North-west Iceland and South-east Iceland) 

Source Veðurstofa Íslands 

Web address https://www.vedur.is/Medaltalstoflur-txt/Manadargildi.html 

Stations Akureyri (station 422) & Höfn í Hornafirði (station 705)  

Data 
Values for temperature (t) and total precipitation (r) were extracted. Values were 
averaged between stations and then averaged between the months Apr & May 
(spring) or Sep & Oct (autumn). 

breeding grounds (North-east Greenland) 

Source Danmarks Meteorologiske Institut 

Web address www.dmi.dk/publikationer/ 

Stations 
Danmarkshavn (station 04320 & 4320 & 34320) & Ittoqqortoormiit (station 04339 
& 4339 & 34339) (data pertaining to DMI Report No. 19-08 ‘Weather observations 
from Greenland 1958-2018’). 

Data 

Values for dry bulb temperature (ttt, 1958 – 2013; 101, 2014 - 2018) and 
accumulated precipitation (rrr6, 1958 – 2013; 601, 2014 - 2018) were extracted and 
aggregated to provide daily mean temperature and daily accumulated precipitation. 
Values were averaged between stations and then averaged across the months May 
- Jul (early summer) or Aug & Sep (late summer). 

 

http://www.met.ie/climate/available-data/historical-data
http://www.metoffice.gov.uk/public/weather/climate-historic/#?tab=climateHistoric
https://www.vedur.is/Medaltalstoflur-txt/Manadargildi.html
http://www.dmi.dk/publikationer/
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Figure S3.2.1 
Trends in mean temperature over time. β 
estimate ± standard error based on a 
linear regression model are provided 
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Figure S3.2.2 
 Trends in accumulated precipitation over 
time. β estimate ± standard error based on 
a linear regression model are provided 
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Supplementary Material 3.3 Annual survival and productivity rates 

 
Table S3.3.1 Annual apparent survival (± standard error) is presented for male and female Barnacle 
Geese based on a time-and-sex-dependent ϕ and age-dependent p CJS model. Annual proportion of 
juvenile birds and mean brood size in the overwintering population on the Inishkea Islands, Ireland, 
are also presented. Note survival estimates are only calculated after the first period of recapture has 
elapsed. 

breeding year female survival male survival proportion juveniles mean brood size 

1968 - - 0.04 1.64 

1969 - - 0.04 1.51 

1970 0.65 ± 0.15 0.60 ± 0.16 0.09 2.18 

1971 0.91 ± 0.06 0.89 ± 0.07 0.06 2.02 

1972 0.83 ± 0.04 0.79 ± 0.05 0.02 1.55 

1973 0.94 ± 0.04 0.93 ± 0.05 0.06 2.12 

1974 0.95 ± 0.03 0.94 ± 0.04 0.06 1.97 

1975 0.88 ± 0.04 0.85 ± 0.05 0.12 1.99 

1976 0.94 ± 0.04 0.93 ± 0.05 0.08 1.86 

1977 0.80 ± 0.04 0.77 ± 0.04 0.04 1.97 

1978 0.94 ± 0.03 0.92 ± 0.04 0.05 1.83 

1979 0.94 ± 0.04 0.92 ± 0.05 0.04 1.59 

1980 0.86 ± 0.04 0.83 ± 0.04 0.06 1.90 

1981 0.86 ± 0.03 0.83 ± 0.04 0.02 1.42 

1982 0.93 ± 0.03 0.91 ± 0.04 0.02 1.59 

1983 0.87 ± 0.03 0.85 ± 0.03 0.06 1.81 

1984 0.99 ± 0.01 0.98 ± 0.01 0.09 1.87 

1985 0.99 ± 0.02 0.98 ± 0.02 0.04 1.76 

1986 0.80 ± 0.02 0.76 ± 0.03 0.12 1.96 

1987 0.95 ± 0.02 0.93 ± 0.02 0.10 2.26 

1988 0.88 ± 0.02 0.85 ± 0.03 0.07 2.08 

1989 0.83 ± 0.03 0.79 ± 0.03 0.14 2.23 

1990 0.86 ± 0.03 0.83 ± 0.03 0.14 2.23 

1991 0.75 ± 0.03 0.71 ± 0.03 0.06 1.42 

1992 0.92 ± 0.03 0.90 ± 0.03 0.02 1.33 

1993 0.96 ± 0.03 0.95 ± 0.04 0.07 2.17 

1994 0.82 ± 0.04 0.79 ± 0.04 0.11 1.88 

1995 0.78 ± 0.04 0.75 ± 0.05 0.04 1.48 

1996 0.91 ± 0.04 0.89 ± 0.05 0.07 2.01 

1997 0.83 ± 0.04 0.80 ± 0.04 0.11 1.86 

1998 0.84 ± 0.04 0.81 ± 0.04 0.13 2.06 

1999 0.95 ± 0.04 0.94 ± 0.05 0.05 2.00 

2000 0.69 ± 0.05 0.64 ± 0.05 0.09 1.80 

2001 0.90 ± 0.04 0.88 ± 0.05 0.04 1.69 

2002 0.94 ± 0.04 0.92 ± 0.05 0.03 2.19 

2003 0.91 ± 0.05 0.89 ± 0.06 0.06 1.78 

2004 0.80 ± 0.05 0.77 ± 0.06 0.16 2.15 

2005 0.93 ± 0.05 0.92 ± 0.06 0.04 1.51 

2006 0.86 ± 0.05 0.83 ± 0.06 0.03 1.48 

2007 0.88 ± 0.05 0.85 ± 0.06 0.10 1.98 
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breeding year female survival male survival proportion juveniles mean brood size 

2008 0.84 ± 0.05 0.81 ± 0.06 0.06 1.87 

2009 0.87 ± 0.05 0.84 ± 0.06 0.02 1.35 

2010 0.86 ± 0.04 0.83 ± 0.05 0.04 1.63 

2011 0.90 ± 0.04 0.88 ± 0.05 0.03 1.56 

2012 0.92 ± 0.04 0.91 ± 0.05 0.02 1.00 

2013 0.96 ± 0.05 0.95 ± 0.06 0.06 1.64 

2014 0.76 ± 0.05 0.72 ± 0.06 0.01 1.75 

2015 1.00 ± 0.00 1.00 ± 0.00 0.06 1.78 

2016 0.87 ± 0.05 0.85 ± 0.06 0.19 2.25 

2017 1.00 ± 0.00 1.00 ± 0.00 0.05 1.64 
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Chapter 4 

Migratory movements in relation 

to temperature and primary 

production 

Susan Doyle, David Cabot, Larry Griffin, Adam Kane, Kendrew Colhoun, Stuart 

Bearhop and Barry J McMahon (2020) Spring and autumn movements of an 

Arctic bird in relation to temperature and primary production, manuscript in 

preparation. 
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Abstract 

In recent times, it has become increasingly important to understand animal migratory 

movements because a combination of climate disruption and other environmental 

change is shifting plant and animal phenology at different rates across the world. This 

study applied a Markov state-switching model to telemetry data of a long-distance 

Arctic-breeding migrant bird, the Barnacle Goose Branta leucopsis, to detect migratory 

movement and relate it to three proximate environmental factors: photoperiod (hours 

daylight), air temperature (daily mean) and forage plant phenology (measured by 

accumulated growing degree days, GDDs). Spring migratory movements towards the 

breeding grounds were most closely related to GDDs; high GDDs values were 

associated with a greater probability of transiting to a more northerly site, suggesting 

that spring migration is closely aligned with primary productivity. Autumn migration 

from the breeding grounds was most closely related to temperature; higher 

temperature values were associated with a greater probability of remaining settled at 

the current site, suggesting that autumn migration is closely aligned with atmospheric 

conditions. This is the first time this has been demonstrated for the Greenland 

Barnacle Goose flyway. Importantly, both of these environmental factors are 

susceptible to climate disruption, whereas photoperiod, which will remain fixed, had 

the least association with migratory movements. The manifestation of phenological 

mismatches in spring as breeding activities decouple from plant phenology and delays 

in autumn migration due to periods of extended summer temperatures has been 

highlighted in several other species and has the potential to impact the system we 

describe in this study. Understanding the relative importance of environmental factors 

will help predict the responses of migrating species to further change. 
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Introduction 

Long-range animal movement during the spring and autumn migratory period is 

regulated by a complex combination of internal and external factors, varying widely 

across geographic regions, ecosystems and even within species (Shaw, 2016). 

External factors may include photoperiod, atmospheric conditions and primary 

productivity (Alerstam, Hedenström and Åkesson, 2003). For example, migration of 

saiga antelope Saiga tatarica in Central Asia is related to precipitation and plant 

productivity (Singh et al., 2010), while migration of common noctule bat Nyctalus 

noctule is more closely related to time of year and local flight conditions (Dechmann 

et al., 2017). Migration of Atlantic salmon Salmo salar and sea trout Salmo trutta is 

influenced by water temperature (Harvey et al., 2020), while migration of Pine Siskin 

Spinus pinus is related to photoperiod (Robart, McGuire and Watts, 2018).  

 

Many animal species breed at high Arctic latitudes to take advantage of high summer 

productivity and extended daylength, with reduced competition, predation and 

pathogen exposure, then migrate south to avoid the harsh conditions of winter 

(Somveille, Rodrigues and Manica, 2015). In recent times, seasonal phenological 

synchrony between the Arctic and temperate/tropical regions has been deteriorating 

due to climate disruption, in turn disrupting synchrony between animal migratory 

movements and external environmental factors (Bekryaev, Polyakov and Alexeev, 

2010; Lameris et al., 2017; Praetorius et al., 2018). Such phenological mismatches 

have been observed in the Barnacle Goose Branta leucopsis, a long-distance migrant 

with three distinct flyways between the Arctic and temperate Europe (Jensen et al., 

2018), termed herein as the Greenland, Svalbard and Russian flyways (Figure 4.1a). 

For example, as spring primary production advances in the Russian Arctic, hatch dates 

of Russian Barnacle Geese appear to be advancing to maintain synchrony between 

peak nutrient requirements and availability. Although the geese have successfully 

advanced their arrival to the breeding grounds by skipping refuelling stopovers, the 

timing of egg laying is still constrained by the need to acquire local resources prior to 

breeding. Therefore, the geese still face a phenological mismatch between chick 

hatching and nutrient availability (Lameris et al., 2018). Gosling survival within the first 

month following hatching is reduced in years with a large phenological mismatch. This 
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highlights the importance of understanding how migratory movements in Arctic fauna 

relate to environmental factors, as world climate changes at an unprecedented rate. 

 

As with a number of goose species, the timing of Barnacle Goose migration to the 

Arctic breeding grounds has been closely linked to the northward flush of nutrient-rich 

forage plant growth (the “green wave”) as spring progresses (van der Graaf et al., 

2006; Najafabadi et al., 2015; Si et al., 2015; Shariati-Najafabadi et al., 2016; Wang 

et al., 2019). However, the phenology of migration on the Greenland flyway appears 

to differ from the other flyways (Shariatinajafabadi et al., 2014; Wang et al., 2019). 

Shariatinajafabadi et al. (2014) found that the relationship between migration and 

forage plant phenology on the Greenland flyway was much weaker than that observed 

on the Russian and Svalbard flyways. Therefore, it is still unclear whether Barnacle 

Geese on the Greenland flyway align their spring migration more closely with primary 

productivity or photoperiod or some other environmental factor. Furthermore, the 

timing of Barnacle Goose autumn migration has not been linked to particular 

environmental factors on any flyway, although Shariatinajafabadi et al. (2014) suggest 

it could be related to atmospheric conditions. 

 

Satellite telemetry is an excellent tool to study migratory movements in animals where 

direct observation is unfeasible (Wilmers et al., 2015). Cherry et al. (2013) linked 

migration in polar bear Ursus maritimus to sea ice conditions using global positional 

system (GPS) collars and Sherrill-Mix, James and Myers (2008) associated 

leatherback sea turtle Dermochelys coriacea migration with water temperature and 

chlorophyll concentration using Argos satellite-linked transmitters. Previous studies 

have assessed the relationship between satellite telemetry of Barnacle Goose 

migratory movements and satellite imagery of the green wave to link migratory 

movements to environmental factors (e.g. Najafabadi et al., 2015). Here, we expand 

on previous studies using a novel approach: we applied a Markov state-switching 

model to telemetry data to relate behaviour – rather than location – to environmental 

factors. This model identifies patterns of movement characteristics in telemetry time 

series that represent discrete behavioural states, as well as time-dependent changes 

in behavioural state. We can then test how various environmental factors influence the 

probability of switching behavioural state. Using this technique, we aim to test the 

relative importance of three environmental factors associated with migratory 



Manuscript III 

112 
 

movements in Greenland Barnacle Geese: photoperiod, air temperature and forage 

plant phenology. Our results demonstrate how state-switching models can provide 

further insight into seasonal movements of a long-distance Arctic migrant. 

 
Figure 4.1 (a) The three geographically separate Barnacle Goose flyways. (b) Tagging locations of 
Barnacle Geese on the Greenland flyway. 

 

 

Methods 

Transmitter tag deployment 

Greenland Barnacle Geese winter on the North-west coasts of Ireland and Scotland 

and migrate via Iceland to breed in North-east Greenland (Figure 4.1a). A total of 28 

tags were deployed on Barnacle Geese in Ireland between 2008 and 2019: n = 5 

(2008), n = 2 (2009) and n = 2 (2010) on the Inishkea Islands, Mayo; n = 8 (2018) and 

n = 5 (2019) on the Inishowen Peninsula, Donegal; and n = 6 (2019) in Lisadell, Sligo 

(Figure 4.1b). Geese were captured using cannon nets and released immediately after 

tag deployment. Tags from 2008-2010 comprised a 30-45g GPS-ARGOS platform 

transmitter terminal (Microwave Telemetry Inc, Columbia MD) with an elastic body 

harness attachment (final fitted weight of 45-65g respectively). Tags from 2018-2019 

comprised a nanoFix® GEO+RF neck collar (Pathtrack Ltd, Otley, UK) with a final 

fitted weight of ~15g. Tags from 2008-2010 collected a geographical coordinate fix at 

2 hour intervals (including night time) and transmitted data via the Argos system 
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almost daily. Tags from 2018-2019 collected a fix at 6 hour intervals and transmitted 

these data via ultra-high frequency radio to base stations on the wintering grounds. 

Both tag types were solar powered, but the interval time between fixes was varied due 

to differing battery power and the programmed intervals for data transfer varied with 

daylength to optimise battery levels. Data was collected from deployment until the tag 

no longer transmitted data (generally between 12 and 24 months). 

 

During spring, geese moved northward on short journeys punctuated with relatively 

regular and short stopovers. In contrast, during autumn, geese moved southward over 

longer, but less frequent journeys. In spring, geese departed their primary winter 

homerange as early as mid-March, whilst in autumn, geese departed their primary 

summer homerange by the end of August. Data were received from 19 of the 28 

deployed tags, 18 of which yielded near-complete time series for spring (1 March to 

31 May, i.e. beginning of spring to beginning of nesting) or autumn (14 August to 31 

October, i.e. end of breeding/moulting to beginning of winter). 

 

Environmental data 

Daily photoperiod was defined as hours between sunrise and sunset at the latitude at 

which the bird was present at the time of the fix. Daily mean temperature (°C) was 

sourced from the closest of six weather stations across the flyway at the time of the fix 

(Ireland - Met Éireann, https://www.met.ie/; Iceland - Veðurstofa Íslands, 

https://www.vedur.is/; Greenland - Danmarks Meteorologiske Institut, 

http://ocean.dmi.dk/; see Supplementary Material 1). Accumulated growing degree 

days (GDDs) was used as a proxy for forage plant phenology and was calculated as 

𝐺𝐷𝐷 =  𝑀𝑒𝑎𝑛𝑇 − 𝐵𝑎𝑠𝑒𝑇, where 𝑀𝑒𝑎𝑛𝑇 is the daily mean temperature and 𝐵𝑎𝑠𝑒𝑇 is 

5.5°C, the lowest temperature at which forage plants generally grow (Burke, 1968). If 

𝐵𝑎𝑠𝑒𝑇 was greater than 𝑀𝑒𝑎𝑛𝑇, the GDD value was zero. All environmental data were 

scaled to the same index by subtracting the mean and dividing by the standard 

deviation to standardise measurements on different scales before analysis. 

 

State-switching model 

Telemetry data were analysed using Hidden Markov models (Langrock et al., 2012), 

implemented using the moveHMM package (Michelot, Langrock and Patterson, 2016) 
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in the R statistical language and environment 3.5. 1 (R Core Team, 2018). Spring and 

autumn were analysed in separate models. From the 18 near-complete datasets, 14 

contained a complete spring and 11 contained a complete autumn time series. 

 

The time series of positions for each goose was decomposed into discrete behavioural 

states defined according to step length (Euclidean distance) and turning angle 

(degrees) between successive fixes (Michelot, Langrock and Patterson, 2016). We 

compared models with two, three or four behavioural states and found that a two state 

model most adequately captured Barnacle Goose behaviour and movement and did 

not result in any residual autocorrelation. We termed these two behavioural states (i) 

settled and (ii) transiting. For the initial parameter value estimation, we characterised 

the settled state as sequences of short steps (mean length of 10km) and an equal 

likelihood of turning in any direction (mean angle of 0° at a concentration of 0.1, where 

minimum concentration is zero), i.e. goose moving slowly and undirected. We 

characterised the transiting state as sequences of long steps (mean length of 100km) 

and a lower likelihood of directional change (mean angle of 0° at a concentration of 1), 

i.e. goose moving quickly in one direction. Because step lengths are extremely 

variable and to capture step lengths between the values defined above, we specified 

a large standard deviation for step length (15 and 150km respectively). A gamma 

distribution was specified for step length, as all values were positive but right skewed, 

and a von Mises distribution for turning angle, as the data were circular and normal. 

We compared time series with 2 hour and 6 hour intervals but found no effect of the 

interval difference at this scale and resolution. 

 

Between each time step in the time series, the individual can either remain in its current 

behavioural state or switch to a new state. Switching from a settled to transiting state 

was taken to represent the beginning of a journey and, likewise, switching from a 

transiting to settled state was taken to represent the end of a journey. The probability 

of switching state was tested in relation to photoperiod, daily mean temperature and 

accumulated GDDs. Models containing pairwise synergistic interactions were 

compared to a model containing all three covariates additively and models containing 

each covariate individually, as well as a null model containing no covariates (a three-

way interaction was not included as a candidate due to variance inflation). The best 

supported model was identified using the Akaike Information Criterion (AIC); the model 
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with the lowest AIC value was selected (Akaike, 1974). Model fit was assessed by 

examining time series of pseudo-residuals for residual patterns and plots of pseudo-

residuals against standard normal quantiles for deviation from normality. 

 

 

Results 

Impact of GPS tags 

Of nine geese carrying harness tags between 2008 and 2010, all tags successfully 

transmitted data and seven birds were known to be alive the following year with their 

tags still attached, suggesting a survival rate of >75%. Two birds were assumed lost 

at sea during migration; the contribution of the tag to this is unknown, but one bird is 

known to have encountered strong headwinds during the sea crossing. Of eight geese 

carrying neck collar tags in 2018, five tags successfully transmitted data and seven 

geese were known to be alive the following year (one having lost its tag), suggesting 

a survival rate of >85%, which is similar to the 87% average survival rate of 

uninstrumented birds reported by Doyle et al. (2020). Although 4 data series were 

obtained, data retrieval from the 11 geese tagged in 2019 was interrupted by the 

coronavirus pandemic from March 2020 until migration to Greenland (after which the 

geese become inaccessible), therefore conclusions on the effect of tags on this cohort 

remained unknown at the time of writing. 

 

Spring migration 

The best supported spring model included the covariate accumulated GDDs (Table 

4.1). The settled state had a median step length of 0.17km (lower quartile 0.06km, 

upper quartile 0.62km) and a mean turning angle of -3.11° with a concentration of 0.44 

and the transiting state had a median step length of 8.61km (lower quartile 2.19km, 

upper quartile 47.77km) and a mean turning angle of 0.16° with a concentration of 

0.68 (Figure 4.2a, c). There was a significant effect of GDDs on state-switching 

probability: as GDDs increased, the probability of switching from a transiting state to 

a settled state decreased by -0.99 (95% CI -1.38 – -0.60). High GDDs values were 

associated with a greater probability of being or remaining in a transiting state and a 

lower probability of being in a settled state, suggesting that geese are more likely to 

journey between sites as GDDs increase (Figure 4.3a). We further compared early 
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spring (1 March to 14 April) and late spring (14 April to 31 May) and found that the 

effect was stronger in late spring (β = -0.68, 95% CI -1.07 – -0.29) compared to early 

spring (confidence intervals approaching the null value). Uncertainty around the mean 

also increased as spring progressed (possibly as other factors, e.g. individual internal 

state, act). Median step length was also longer in early spring (113.49km) compared 

to late spring (20.90km). 

 

Table 4.1 The AIC for each model is presented, along with the difference between each model and 
the lowest AIC (∆AIC). Models include additive (+), synergistic (*) or null (~1) effects. The best 
supported model for the spring and autumn migration analyses are highlighted. 

 model AIC ∆AIC 

spring 
migration  

~GDDs 27535.89 0.00 

~temperature * daylength + GDDs 27536.32 0.44 

~temperature + GDDs + daylength 27537.74 1.86 

~temperature + GDDs * daylength 27538.04 2.15 

~temperature * GDDs + daylength 27539.12 3.23 

~daylength 27551.29 15.4 

~temperature 27558.56 22.67 

~1 27630.79 94.91 

autumn 
migration  

~temperature 24598.07 0.00 

~temperature * daylength + GDDs 24601.86 3.79 

~temperature + GDDs + daylength 24602.29 4.22 

~temperature + GDDs * daylength 24603.89 5.83 

~temperature * GDDs + daylength 24604.56 6.49 

~GDDs 24608.03 9.96 

~daylength 24610.11 12.04 

~1 24663.49 65.42 
GDDs: accumulated growing degrees of the year 

temperature: daily mean air temperature recorded (°C) 
daylength: hours between sunrise and sunset 
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Figure 4.2 Step length and turning angles classified into settled and transiting states: (a) spring step 
length, (b) spring turning angle, (c) autumn step length, (d) autumn turning angle. 

 

Autumn migration 

The best supported autumn model included the covariate daily mean air temperature 

(Table 4.1). The settled state had a median step length of 0.16km (lower quartile 

0.05km, upper quartile 0.60km) and a mean turning angle of 3.14° with a concentration 

of 0.21 and the transiting state had a mean step length of 20.90km (lower quartile 

4.71km, upper quartile 66.42km) and a mean turning angle of 0.01° with a 

concentration of 1.36 (Figure 4.2b, d). There was a significant effect of temperature 

on state-switching probability: as mean temperature increased, the probability of 
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switching from a settled state to a transiting state decreased by -0.48 (95% CI -0.77 - 

-0.20). High mean temperature values were associated with a greater probability of 

being in a settled state and a lower probability of being or remaining in a transiting 

state, suggesting that geese are more likely to journey between sites as temperatures 

decrease (Figure 4.3b). Uncertainty around the mean increases as autumn progresses 

(possibly because geese are in a more ambient environment in the temperate zone). 

 

Figure 4.3 The long-term probability of being in a settled state or a transiting state at different values 
of (a) accumulated growing degree days and (b) daily mean air temperature. Shaded area around the 
line represents 95% confidence intervals. Note, covariate values are scaled and centred to mean zero 
and standard deviation 1 

 

 

Discussion 

Our hidden Markov model successfully identified two discrete behavioural states in 

Barnacle Goose GPS time series. The results reveal that Greenland Barnacle Goose 

spring movements are most strongly associated with GDDs. This suggests that the 

timing of spring migration is closely aligned with primary production, as observed in 

the Russian and Svalbard populations (van der Graaf et al., 2006; Si et al., 2015; 

Shariati-Najafabadi et al., 2016). Increased forage availability may allow geese to 
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acquire the necessary fuel reserves to proceed to the breeding grounds, as Barnacle 

Geese are a capital breeding species, acquiring the majority of breeding reserves 

before arriving at the breeding grounds. The timing of autumn movements are most 

strongly associated with daily mean air temperature. This suggests that autumn 

migration is closely aligned with atmospheric conditions, as suggested by 

Shariatinajafabadi et al. (2014). As temperatures fall, the increased thermoregulatory 

costs and relative inaccessibility of forage may limit the geese’s ability to persist in 

northerly sites. 

 

Model performance 

The two behavioural states identified in our model correlated coherently with the 

individual’s geographic location, indicating that they were accurately identified. 

Transiting behaviour tended to be observed in unsuitable habitat or sea crossings, 

while settled behaviour tended to be observed in suitable and known forage or roosting 

habitat. Step lengths during settled behaviour were typically between 0.5km and 

2.5km. When foraging, geese may move less than a kilometre over several hours as 

a grazing flock advances slowly across a field. In addition, flocks tend to move a short 

distance to a neighbouring patch when the previous patch is exhausted. However, the 

average step length during settled behaviour may be pulled upwards because of 

longer flights to roost sites or longer relocations after disturbance events. Step lengths 

during transiting behaviour were typically between ~40km and ~130km. The telemetry 

data in our study indicates ground speeds around 70km/hr on overseas crossings, 

concurrent with the average step length during autumn and early spring. The average 

step length during late spring may be pulled downwards because of bouts of settling 

on the sea, which was observed in several individuals. The time to cross the Greenland 

Sea in spring varied from ~10hrs to ~100hrs between individuals, apparently 

depending on duration of settlement. Because there is no food or other resources for 

Barnacle Geese on sea water or ice, the presumed reason for landing is to rest, to 

avoid flying in inclement weather or disorientation (Griffin, 2008). Pennycuick et al. 

(1999) recorded Whooper Swans Cygnus cygnus resting on open sea water during 

periods of low visibility and suggested that a visible horizon may be essential for 

navigating over featureless sea and birds will land and wait for a horizon if visibility is 

poor. 
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Phenological changes 

Climate disruption may have significant consequences for species that align their 

spring movements closely with primary productivity (Howard et al., 2020). In seasonal 

environments, migratory animals time their reproduction to coincide with the annual 

peak of primary productivity, which in turn is governed by climate. Emerging 

phenological mismatches between reproduction and primary productivity in both 

marine and terrestrial environments due to amplified climate warming rates in the 

Arctic is widely documented in the literature (e.g. Edwards and Richardson, 2004; 

Jones and Cresswell, 2010; Lameris et al., 2017; Mayor et al., 2017). Clausen and 

Clausen (2013) show that Light-bellied Brent Geese Branta bernicla hrota experience 

reduced breeding success when there is a mismatch between chick hatching and peak 

plant nutrient availability. Mismatches are becoming more frequent because plant 

phenology is advancing faster in their Arctic Svalbard breeding grounds than in their 

temperate Danish staging grounds. Breeding success of caribou Rangifer tarandus in 

Greenland is adversely impacted due to a mismatch between calving and peak forage 

availability (Post and Forchhammer, 2008). The mismatch occurs because the timing 

of spring migration to summer ranges for calving depends on photoperiod, which 

remains fixed, while plant phenology depends on temperature and is advancing. In 

marine environments, Ramírez et al. (2017) found that Little Auks Alle alle and 

Brünnich’s Guillemots Uria lomvia experienced reduced breeding success as the 

mismatch between hatching and phytoplankton productivity increased. The pulses of 

phytoplankton productivity advanced due to earlier sea ice melt, while bird breeding 

activity did not. An uncoupling of plant phenology between temperate Ireland/Scotland 

and Arctic Iceland/Greenland may have similar consequences for reproduction in 

Barnacle Geese in the future. 

 

The consequences of climate disruption for autumn migration has received less 

attention than spring, despite notable changes to the plant growth period, leaf-

senescence date and arrival of frost and snow (Gallinat, Primack and Wagner, 2015). 

Passerine birds breeding in Europe and wintering south of the Sahara have advanced 

their autumn migration, possibly due to pressure to cross the Sahel before the dry 

period (Jenni and Kéry, 2003). In contrast, beluga whales Delphinapterus leucas delay 

autumn migration due to later sea ice freeze (Hauser et al., 2017). Barnacle Geese 
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may similarly be able to delay departing their summer homerange if falling 

temperatures are delayed. This may have particular implications for juveniles gaining 

extra time to develop before their first full migration. However, to date, we do not have 

evidence of a long-term delay in the time of southerly post-breeding movements from 

Greenland. 

 

Conclusion 

This study successfully applied a Markov state-switching model to GPS time series 

data of Barnacle Geese to detect migratory behaviour and examine the relationship 

between the timing of changes in behavioural state and photoperiod, air temperature 

and forage plant phenology. Like the Russian and Svalbard populations, the 

Greenland population spring migratory movements were more closely associated with 

forage plant phenology than with temperature or photoperiod. Autumn migratory 

movements were more closely associated with temperature than plant phenology or 

photoperiod. Increasing temperatures in the Arctic associated with climate disruption 

are likely to advance forage plant growth in spring and extend summer temperatures 

in autumn, therefore this is a valuable insight into how Barnacle Geese and other Arctic 

herbivores may react to a changing world. 
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Supplementary Material 4.1 Environmental covariates 

 
Table S4.1.1 Weather station data 

institution source and data extracted 

Met Éireann 

www.met.ie/climate/available-data/historical-data 
 
Daily values for Station 2375 (Belmullet, Co. Mayo) apply to latitudes between 
50.00 and 54.49. Daily values for Station 1575 (Malin Head, Co. Donegal) apply 
to latitudes between 54.5 and 60.4. Parameters max and min air temperature (°C) 
were extracted and consolidated to produce mean. 

Veðurstofa 
Íslands 

https://www.vedur.is/vedur/vedurfar/daglegt/ 
 
Daily values for Station 990 (Keflavíkurflugvelli) apply to latitudes between 60.50 
and 64.49. Daily values for Station 422 (Akureyri) apply to latitudes between 64.50 
and 68.49. Parameter mean air temperature (meðalhiti; °C) was extracted. 

Danmarks 
Meteorologiske 
Institut 

www.dmi.dk/publikationer/ 
 
Data pertaining to DMI Report No. 20-08 ‘Weather observations from Greenland 
1958-2019’. Hourly values for Station 4339 (Ittoqqortoormiit) apply to latitudes 
between 68.5 and 73.4. Hourly values for Station 4320 (Danmarkshavn) apply to 
latitudes between 73.50 and 78.50. Parameter last hour mean air temperature 
(101; dry bulb temperature) was extracted and consolidated to produce daily 
values. 

 

http://www.met.ie/climate/available-data/historical-data
https://www.vedur.is/vedur/vedurfar/daglegt/
http://www.dmi.dk/publikationer/
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Chapter 5 

Corticosterone and body‐weight 

in a migrant bird 

Adapted from: Susan Doyle, David Cabot, John Furlong, Yixin Liu, Kendrew 

Colhoun, Alyn J Walsh and Barry J McMahon (2020). Moulting season 

corticosterone correlates with winter season body‐weight in an Arctic migrant bird. 
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Abstract 

In vertebrates, the endocrine system translates environmental changes into 

physiological responses on which natural selection can act to regulate individual 

fitness and, ultimately, population dynamics. Corticosterone (CORT) and 

dehydroepiandrosterone (DHEA) are important regulators of the avian endocrine 

system but relatively few studies have investigated their downstream effects on key 

morphological fitness-related traits in free-living populations. This study quantified 

endocrine-morphology relationships in free-living Greenland Barnacle Geese Branta 

leucopsis that breed in the high-Arctic. CORT and DHEA were extracted from feather 

and blood samples and tested for relationships with three morphological traits 

associated with survival and reproduction: body weight, body size and facial plumage 

coloration. We expected CORT concentration to be higher in birds with less favourable 

morphological traits (i.e. lighter, smaller and less attractive) and DHEA to be higher in 

birds with more favourable traits (i.e. heavier, bigger and more attractive). As 

expected, individuals with higher CORT during the post-breeding moult (July/August) 

had significantly lower body weight during the following winter (November - April). In 

contrast, we found no robust DHEA-morphology relationships and no statistically 

significant relationship between CORT and body size or facial plumage. Overall, this 

study provides evidence of a negative relationship between CORT and body weight 

extending across different seasons of the annual cycle in a long-distance migrant. This 

is of particular interest because body weight fluctuates rapidly in response to 

environmental resources and is closely linked to both survival and reproductive 

success in this species. Understanding the relationship between CORT and key 

morphological traits is important because endocrine-disrupting contaminants in the 

Arctic increasingly interfere with CORT function in birds, including Barnacle Geese, 

and based on the results of this study may have consequences for body weight 

regulation. 
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Introduction 

The endocrine system is an important modulator of fitness in vertebrates. 

Environmental conditions affect fitness - an individual’s ability to survive and reproduce 

- which in turn regulates population dynamics (Orr, 2009). Hormones play a key role 

in this sequence by translating environmental information into individual physiological 

responses that have positive or negative fitness consequences (Norris, 2018; 

Wingfield, 2018). In birds, hormones modulate morphology such as body weight 

(Awerman and Romero, 2010), body size (Müller, Jenni-Eiermann and Jenni, 2009) 

and plumage coloration (Jawor and Breitwisch, 2003; Grunst et al., 2015) – 

morphological traits that are strongly connected with survival and reproductive 

success (e.g. Poisbleau et al., 2006; Tombre, Erikstad and Bunes, 2012; Badás et al., 

2018). Importantly, natural selection acts on the downstream physiological effects of 

hormones (i.e. weight, size and plumage) rather than the circulating hormones 

themselves. As such, identifying endocrine-morphology relationships can provide 

insight into the sequence between environment, individuals and population. Although 

the major functions of the endocrine system are highly conserved among vertebrates, 

endocrine-morphology relationships are not always consistent among taxa or even 

within a species’ life-history (Bonier et al., 2009), therefore studies on novel species 

or relationships can provide new insights. 

 

The glucocorticoid hormone corticosterone (CORT) and the androgen hormone 

dehydroepiandrosterone (DHEA) are principal modulators of the avian endocrine 

system (Hau et al., 2010; Wingfield et al., 2018). CORT principally modulates 

homeostasis, energy balance and stress response via release by the hypothalamic-

pituitary-adrenal axis in response to changing conditions (Sapolsky, Romero and 

Munck, 2000; Creel et al., 2013). Mildly elevated CORT in the short term can be an 

adaptive mechanism for coping with environmental or physiological challenges, such 

as parasite infection or increased energetic demand (Kouwenberg et al., 2013; Rivers 

et al., 2017; Grace and Anderson, 2018; Schoenle et al., 2018; Vágási et al., 2018). 

In contrast, chronically elevated CORT can negatively affect overall body condition 

(Harms et al., 2015; Latta et al., 2016). Common Kestrel Falco tinnunculus nestlings 

experimentally implanted with CORT (to represent an environmental stressor) were 

smaller, with shorter tarsi and flight feathers before fledging compared to control 
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nestlings (Müller, Jenni-Eiermann and Jenni, 2009). American Yellow Warblers 

Setophaga petechia with higher CORT had lower carotenoid hues in plumage 

associated with sexual signalling (Grunst et al., 2015). Thus, chronic elevated CORT 

relative to an individual’s conspecifics may be a fitness disadvantage (Bonier et al., 

2009). 

 

DHEA principally modulates aggression and dominance behaviour (Soma et al., 2008, 

2015). It is produced by the adrenal glands and other organs, then taken up by the 

brain and converted into sex steroids that generate physiological changes (Soma et 

al., 2015; Wingfield et al., 2018). Hau, Stoddard and Soma (2004) found that 

aggressive vocalisations by Spotted Antbirds Hylophylax naevioides naevioides 

during simulated territorial intrusions were positively correlated with DHEA levels. 

Similarly, male Song Sparrows Melospiza melodia morphna experimentally implanted 

with DHEA showed greater aggression in simulated territory intrusions than control 

sparrows (Wacker et al., 2016). In contrast, Poisbleau, Lacroix and Chastel (2009) 

found a negative correlation between DHEA and dominance score (the percentage of 

competitive interactions ‘won’ by an individual) in wintering Brent Geese Branta 

bernicla bernicla, indicating uncertainty in the role of DHEA in aggression among taxa. 

However, DHEA also modulates potential negative impacts of glucocorticoids and has 

positive neuroprotective properties (Newman et al., 2010, 2013). It has also been 

linked to alternative plumage colour morphs (Spinney, Bentley and Hau, 2006). Based 

on the literature, one could hypothesise that elevated DHEA relative to an individual’s 

conspecifics may offer a fitness advantage, both through its protective properties and 

as dominant individuals would be more likely to access resources with positive 

outcomes for body condition (Poisbleau et al., 2006). 

 

Although the relationship between CORT and fitness is well studied in wild bird 

populations, fewer studies concern its relationship with morphology. Additionally, the 

relationship between DHEA and fitness or morphology in wild bird populations is not 

well studied. Quantifying endocrine-morphology relationships in free-living populations 

can reveal patterns that may not be apparent in laboratory investigations (Schoech, 

Rensel and Heiss, 2011; Wingfield, 2018). Thus, this study aimed to quantify 

endocrine-morphology links in a free-living population of Greenland Barnacle Goose 

Branta leucopsis. The majority of this population breeds in high-Arctic North-east 
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Greenland (70-78°N), with a small emerging breeding population in South-east Iceland 

(64°N). Barnacle Geese here undergo a post-breeding synchronous flight feather 

moult in July/August before migrating to Ireland and Scotland for winter (October – 

April) (Cabot et al., 1984). Increased body weight is a fitness advantage in geese, as 

more reserves are available for migration, egg formation and nesting (Poisbleau et al., 

2006; Hahn, Loonen and Klaassen, 2011; Tombre, Erikstad and Bunes, 2012). 

Increased body size is also a fitness advantage as it improves social status and access 

to resources (Choudhury, Black and Owen, 1996; Poisbleau et al., 2006; Kurvers et 

al., 2010). Barnacle Geese also have prominent white patches extending across the 

face contrasting with black plumage around the eye and bill. These patches are an 

important social signal (including during aggressive encounters) and, although the role 

is not fully understood, it appears that, at least among females, individuals with darker 

faces are more attractive as mates (Black, Prop and Larsson, 2014). Hence, we expect 

hormone concentrations associated with increased body weight, body size and smaller 

cheek patches to improve overall fitness in Barnacle Geese. 

 

We analysed the strength of relationships between these three morphological traits 

and CORT and DHEA. The analysis determines whether meaningful endocrine-

morphology relationships are present, but cannot confirm causality. We hypothesised 

that there would be a negative correlation between body weight and CORT and 

between body size and CORT, but a positive correlation between cheek patch size 

and CORT (i.e. individuals with higher CORT are lighter, smaller and less attractive). 

We hypothesised that DHEA would correlate in the opposite way (i.e. individuals with 

higher DHEA are heavier, bigger and more attractive). In addition, we used long-term 

data on body weight, body size and cheek patch size to investigate if these traits have 

changed over time, which could signal changing selective pressures. CORT and 

DHEA play a critical regulatory role in the avian endocrine system, so determining 

consistent relationships with morphological traits associated with survival and 

reproduction will improve our understanding of these systems and how birds are 

affected by and adapt to their changing environment. 
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Methods 

Study outline 

During winter 2017/2018, 55 adult Barnacle Geese were captured on their wintering 

grounds in Ireland using cannon-netting. Four flocks were captured at four different 

locations in November 2017 (n = 5 at 54°7’4”N 10°12’30”W), January 2018 (n = 33 at 

55°7’40”N 7°16’40”W) and April 2018 (n = 8 at 55°17’0”N 7°19’26”W and n = 9 at 

55°22’41”N 7°22’0”W). Birds were sexed by cloacal examination and morphological 

measurements were collected. Feather and blood samples were then collected to 

extract CORT and DHEA, respectively. Morphological measurements from an 

additional 53 Barnacle Geese were collected by one author (DC) using the same 

methods from 1970-2018 (see Supplementary Material 5.1 for annual breakdown). 

 

Feather CORT 

CORT is deposited into segments of the feather vane and rachis containing the blood 

quill during growth and can be measured from feather trimmings subsequently (Jenni-

Eiermann et al., 2015). Because CORT concentration in the feather is fixed after 

passing the blood quill, assuming a constant growth rate, measurements from feathers 

provide a smoothed average baseline of an individual Barnacle Goose’s hypothalamo-

pituitary-adrenal activity during the synchronous growth period in July/August (Jenni-

Eiermann et al., 2015; Taff, Schoenle and Vitousek, 2018). Studies of Baltic Barnacle 

Geese found that primary feather growth rate was 8 ± 1.58mm/day (n = 52) in females 

and 7.3 ± 1.33mm/day (n = 50) in males, indicating relatively consistent growth rates 

(Larsson, 1996). As such, CORT recovery from feathers is preferable to recovery from 

blood when cannon-netting as CORT will not be affected by the long and variable 

handling times associated with this capture procedure. 

 

Approximately 25mm was trimmed from the distal tip of the fifth secondary flight 

feather using a scissors and stored in paper envelopes until CORT extraction. CORT 

was extracted from feathers using a methanol-based extraction technique based on 

Bortolotti et al. (2008). The feather sample was trimmed to a weight of ~15.5g and 

minced into <5mm2 pieces using a blade, then shaken for 2 minutes with 1.5ml HPLC 

grade 99.9% methanol in a Qiagen Tissue Lyser (Qiagen Ltd., Manchester, UK). This 

sample weight was a compromise between maximising and standardising the number 
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of samples while removing as little feather from the bird as possible (whole feathers 

were not plucked for ethical reasons). The sample was transferred to a flask with an 

additional 8.5ml methanol and incubated overnight in a shaking water bath at 50°C to 

extract CORT. The sample was run through a 0.45µm syringe filter to remove the 

feather particles and then heated in a sand block at 50°C until the liquid fraction 

evaporated completely. The dried extract was reconstituted in 500µl phosphate-

buffered saline liquid and frozen at -20°C until CORT concentration analysis. From the 

55 birds captured, we extracted CORT from 53 samples (2 samples excluded as they 

were below the threshold weight of 15.5g). As CORT was extracted in two batches, 

inter-extraction variation was measured as 0.06% using two pool samples from a 

single homogenous pool created by mixing a number of feathers. 

 

Analysis of CORT concentration was conducted in a single batch by 

radioimmunoassay using the ImmuChem Corticosterone Double Antibody kit (MP 

Biomedicals, Orangeburg, NY). The frozen samples, including pool samples, were 

brought to room temperature and vortexed to mix before aliquoting 100µl of each for 

analysis. A standard calibration curve was created by serial dilution of a 1000ng/ml 

CORT calibrator and 100µl of high and low CORT control reconstituted in de-ionised 

water were aliquoted to provide reference value samples. We added 200µl of 125Iodine 

labelled CORT tracer to all samples followed by 200µl of rabbit anti-CORT. The tracer 

was allowed to compete with CORT for a fixed amount of antibody sites for 2h. The 

antibody-tracer complex was then separated by adding 500µl precipitation solution 

and centrifuging at 2,600rcf at 4°C for 20min. Unbound tracer was removed by 

aspiration with a vacuum pump. A 60s gamma count was conducted using a Wallac 

1470 gamma counter, with the quantity of radiation measured inversely proportionate 

to the quantity of CORT. CORT concentrations in each sample were determined by 

interpolation from the standard calibration curve. All samples were analysed in 

duplicate and the mean final hormone concentration of feather extracted samples was 

expressed as a function of feather length (ng/mm) following Bortolotti et al. (2008). 

The intra-assay coefficient of variation (CV) was 4.8%, within the range of other similar 

studies (e.g. Bortolotti et al., 2008; Legagneux et al., 2013; Johns et al., 2018). 
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Blood DHEA 

DHEA concentration can be measured accurately from avian blood and, unlike other 

hormone modulators of aggression such as testosterone, does not appear to be 

affected by capture or variable handling time in geese (Poisbleau, Lacroix and Chastel, 

2009) making it a suitable measurement in a cannon-netting procedure with long and 

variable handling times. No literature was available on DHEA levels in geese during 

the breeding season (when feathers are grown) therefore we chose to measure DHEA 

from blood. However, because Newman et al. (2013) found that 30min restraint of 

Song Sparrows altered DHEA concentration, we took the opportunity to include an 

analysis of the effect of handling time on DHEA levels in our study. 

 

A 1.5ml blood sample was collected from the metatarsal vein using a syringe (23G). 

Blood was centrifuged at 3000rcf for 15min to separate the extracellular fluid from red 

blood cells and 50µl serum was drawn off using a micropipette and sealed in a culture 

tube. Tubes were frozen at -18°C as soon as possible and transferred to -20°C within 

48h until DHEA concentration analysis. From the 55 birds captured, we recovered 

DHEA from 35 samples due to time constraints on blood sampling, as all birds in the 

captured flock must be released together within the maximum permitted time following 

initial capture according to ethical guidelines. 

 

DHEA concentration was analysed at NationWide Laboratories (Cambridge, UK) by 

enzyme immunoassay using the DHEA ELIZA kit (IBL International GmbH, Hamburg, 

Germany). All samples were checked for gross haemolysis prior to analysis. The 

frozen samples were brought to room temperature and 20µl was aliquoted into wells 

on a microtiter plate coated with polyclonal rabbit anti-DHEA. A 20µl high and low 

control sample were also aliquoted along with serial dilution of a 30ng/ml DHEA 

calibrator to produce a standard calibration curve. Next, 100µl of DHEA-horseradish 

peroxidase conjugate was added to each well. The conjugate was allowed to compete 

with DHEA for a fixed amount of antibody sites for 1h. Unbound conjugate was then 

washed off with phosphate buffer. Next, 100µl TMB Substrate Solution (3,3′,5,5′-

Tetramethylbenzidine) was added to each well and incubated for 30min at room 

temperature before stopping the reaction with 100µl TMB Stop Solution. The optical 

density of the wells was measured using a microtiter plate reader at 450nm, with the 
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intensity of colour developed during the TMB reaction inversely proportional to DHEA 

concentration. DHEA concentrations in each sample were determined by interpolation 

from the standard calibration curve. All samples were analysed in duplicate, with the 

final hormone concentration expressed as a function of blood volume (nmol/L). 

 

Morphology 

Measurements of body weight, body size and cheek patch size were collected from 

the 55 birds in 2017/18 (18 males and 37 females) and from an additional 53 birds in 

1970-2018 (20 males and 33 females). Each individual was weighed to the nearest 

10.0g using a spring scale. The length of the tarsus was measured to the nearest 

0.1mm with a callipers and used as a proxy for body size because it remains fixed in 

adults (Choudhury, Black and Owen, 1996). One observer (DC) carried out all 

measurements to minimise observer bias.  

 

To measure cheek patch size, we took a photograph of the head at a 90° lateral angle. 

The area of brilliant white pigmentation on the forehead and lower mandible was 

measured in pixels using the polygon tool in the ImageJ program 

(https://imagej.net/Welcome; Abràmoff, Magalhães and Ram, 2004). One observer 

(YL) carried out all measurements to minimise observer bias. Because the data 

included 1970-2018 photographs, images could not be standardised at the time of 

collection. To address this, the eye, which differs little among individuals, was used as 

a standard reference to calibrate photographs. A correction factor was calculated as 

the ratio of the eye area in each photograph to the mean eye area of all photographs. 

This correction factor was used to scale white patch area, providing a relative patch 

size for each bird. 

 

Statistical analysis 

Preliminary analysis of the data indicated that body weight, tarsus length and cheek 

patch size were continuous data of a normal distribution. CORT was a continuous 

measurement with a strong positive skew, as there were relatively few birds with high 

CORT concentrations. DHEA was a continuous measurement limited to a lower 

boundary of 0.1 because the enzyme immunoassay detected concentrations to a 

lower limit of 0.1nmol/L. To account for physiological fluctuations over winter, we 

https://imagej.net/Welcome
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included the day of capture as a parameter in the data by counting the number of days 

elapsed between the beginning of winter (November 1; marks the end of the autumn 

migration period for this species) and the day of capture. We also included sex as a 

parameter in the data because many physiological traits are known to differ between 

males and females. Finally, we included handling time on the day of capture, defined 

as minutes elapsed between initial capture and blood sampling, to account for 

potential effects of handling on DHEA concentration. We performed six models to test 

endocrine-morphology relationships using the R statistical language and environment 

3.5.1 (R Core Team, 2018). 

 

i & ii) Body weight. Linear regression was used to test body weight as a function 

of (i) CORT and (ii) DHEA. These models included the additional parameters 

sex, tarsus (to account for bigger birds being inherently heavier) and the 

interaction between hormone and linear and quadratic effects of day of capture.  

 

iii & iv) Patch size. Linear regression was also used to test patch size as a 

function of (iii) CORT and (iv) DHEA. These models included the additional 

parameters sex and the interaction between hormone and linear and quadratic 

effects of day of capture. 

 

v & vi) Tarsus length. A generalized linear model with gamma errors and a log 

link was used to test (v) CORT as a function of tarsus length. This model included 

the additional parameter sex. Finally, a Tobit regression with a lower boundary 

of 0.1 (VGAM package 1.1-1; Yee, 2015) was used to test (vi) DHEA as a 

function of tarsus length. This model included the additional parameters sex, 

linear and quadratic effects of day of capture and the effect of handling time. 

Table 5.1 provides a summary of the six initial models. 

 

In all models, numerical explanatory variables were standardised by subtracting the 

mean and dividing by the standard deviation to allow for meaningful comparisons 

between variables on different scales. Likelihood ratio tests (LRT) were used to 

determine whether each parameter significantly improved the model fit. Parameters 

were only retained in the final model if the LRT value was significant (<0.05) or 

borderline significant (<0.099). Supplementary Material 5.2 provides all LRT results. 
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In addition to the above analyses, we combined 2017/18 and 1970-2018 

morphological data to test for long-term changes in the three Barnacle Goose 

morphological traits over time.  

 

vii & viii) Body weight and patch size. Firstly, we performed two linear mixed 

models (lme4 package 1.1-21; Bates et al., 2015) to test body weight and patch 

size as a function of year. A random intercept for the month of measurement was 

included in these models to account for seasonal variation in physiology.  

 

ix) Tarsus length. Secondly, we performed a linear regression to test tarsus 

length as a function of year.  

 

All three long-term change models included sex as an additional parameter. Table 

5.1 provides a summary of the three models. 

 

Table 5.1 Summary of the six endocrine-morphology models and three long-term change models. 
Models include additive (+), synergistic (*), quadratic (^2) or random (1|) effects 

model response variable explanatory variables 

endocrine-morphology relationships 

i weight ~ sex + tarsus + CORT * days + CORT * days^2 

ii patch ~ sex + CORT * days + CORT * days^2 

iii CORT ~ sex + tarsus 

iv weight ~ sex + tarsus + DHEA * days + DHEA * days^2 

v patch ~ sex + DHEA * days + DHEA * days^2 

vi DHEA ~ sex + handling + days + days^2 + tarsus 

long-term changes in morphological traits 

vii weight ~ sex + years + (1 | month) 

viii patch ~ sex + years + (1 | month) 

ix tarsus ~ sex + years 

 

Results 

Mean CORT concentration was 3.51ng/mm (range 0.54 - 13.95ng/mm, n = 52; we 

excluded one sample with an individual CV >20% from the analysis, as recommended 

by Reed, Lynn and Meade, 2002). It should be noted that some bird species suppress 

CORT during moult (Romero, 2002), therefore CORT concentration in these samples 

could be suppressed relative to concentration during other life history stages. 

Interestingly, above-average values of CORT were only recorded among females, 
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although LRT indicated that there was not a statistically significant effect of sex. 

Broader variation in CORT was also recorded in early winter (January and November) 

compared to late winter (April). 

 

The final body weight model included additive effects of CORT, tarsus (i.e. body size), 

sex and day of capture (Table 5.2). There was a significant negative relationship 

between body weight and CORT (Figure 5.1a). After accounting for sex, body size and 

day of capture, a 1sd (standard deviation) increase in CORT was associated with a 

~60g decrease in body weight (almost 5% of the body weight of an average bird). 

Bigger birds were heavier; a 1sd increase in tarsus length was associated with a ~40g 

increase in weight. Males were, on average, ~120g heavier than females. Finally, body 

weight increased linearly between November and April. The final patch size model 

included only the variable day of capture, indicating no relationship between patch size 

and CORT (Table 5.2). Similarly, the final tarsus length model was the null model, 

indicating no relationship between tarsus length and CORT. 

 

Mean blood DHEA concentration was 0.75nmol/L (range 0.10 nmol/L - 4.65nmol/L, n 

= 35). The final body weight model included additive effects of DHEA, sex, tarsus (i.e. 

body size) and day of capture (Table 5.2). After accounting for sex, body size and day 

of capture, a 1sd increase in DHEA was associated with a ~50g decrease in body 

weight, but this relationship was not statistically significant (Figure 5.1b). As before, 

bigger birds were heavier (a 1sd increase in tarsus length was associated with a ~55g 

increase in body weight), males were, on average, ~115g heavier than females and 

body weight increased linearly between November and April. The final patch size 

model included the variables DHEA and day of capture. A 1sd increase in DHEA was 

associated with a ~3.5 decrease in patch size (pixels), but this relationship was not 

significant (Figure 5.1c). Patch size decreased linearly between November and April. 

As before, the final tarsus length model was the null model, indicating no relationship 

between tarsus length and DHEA. Note that the LRT for this model also indicates no 

significant effect of handling time on blood DHEA concentrations. 

 

The models combining 1970-2018 and 2017/18 morphological data (n = 108) detected 

no change in mean Barnacle Goose body weight, patch size or tarsus length since 

1970. After accounting for variation between the sexes and seasonal fluctuations, 
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none of the three models detected a significant relationship between morphological 

trait and year (Table 5.2). 

 

Table 5.2 The formula of each final model is provided, along with the percentage variance/deviance 
explained (%) and the parameter estimates (β ± standard error) for each explanatory variable. 

model final model % variable estimate 

i weight ~ sex + tarsus + CORT + days 36 

sex 118.69 ± 47.19g 

tarsus 40.86 ± 23.42g 

CORT -59.81 ± 22.79g 

days 53.38 ± 23.65g 

ii patch ~ days 14 days -5.71 ± 1.96 

iv weight ~ sex + tarsus + DHEA + days 26 

sex 115.93 ± 67.87g 

tarsus 55.46 ± 32.96g 

DHEA -52.09 ± 28.56g 

days 79.02 ± 30.97g 

v patch ~ DHEA + days 17 
DHEA -3.56 ± 2.13 

days -4.97 ± 2.15 

vii weight ~ sex + years + (1 | month) 35 
sex 159.94 ± 33.72g 

years 0.70 ± 1.08g 

viii patch ~ sex + years + (1 | month) 19 
sex 6.55 ± 2.95 

years -0.05 ± 0.09 

ix tarsus ~ sex + years 11 
sex 3.16 ± 0.85mm 

years -0.03 ± 0.03mm 

 

 

 
 
Figure 5.1. Endocrine-morphology relationships in Barnacle Geese. (a) There is a significant negative 
relationship between feather CORT (ng/mm) and body weight (g). There are negative relationships 
between blood DHEA (nmol/L) and (b) body weight and (c) cheek patch size (measured in pixels), but 
these relationships are not statistically significant. The solid line represents least-squares fit with the 
shaded area representing standard error around the mean.  
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Discussion 

To our knowledge, this is the first study to quantify endocrine-morphology relationships 

in Barnacle Geese. Individuals with higher CORT during body moult had a lower body 

weight early the following winter. Our study is one of few studies to demonstrate this 

effect in a free-living population outside controlled laboratory conditions. In contrast, 

we did not find robust evidence of DHEA-morphology relationships or CORT-tarsus 

and CORT-patch relationships. We also show that mean Barnacle Goose body weight, 

tarsus length and patch size have not varied significantly since 1970. 

 

Our CORT-weight results are consistent with experimental observations from other 

bird species and vertebrate taxa. A negative CORT-weight relationship has been 

observed in aviary enclosure tests of captive House Sparrow Passer domesticus 

(Vágási et al., 2018), Gambel's White-crowned Sparrow Zonotrichia leucophrys 

gambelii (Busch et al., 2008) and Starling Sturnus vulgaris (Awerman and Romero, 

2010). Farm-bred Japanese Quail Coturnix coturnix japonica treated with CORT had 

lower body weights than controls (Hull et al., 2007). Among mammals, stressed 

laboratory striped field mice Apodemus agrarius had higher cortisol (the mammalian 

equivalent of CORT) and lower body weight than their unstressed counterparts (Wang, 

Wang and Lu, 2011). Simulated chronic stress tests on laboratory rats showed that a 

surge in CORT caused a sustained decrease in body weight (Scherer, Holmes and 

Harris, 2011). A negative CORT-weight relationship in free-living Common Eider 

Somateria mollissima borealis has been observed (Harms et al., 2015), but further 

examples using free-living populations are limited.  

 

Because this study is cross-sectional rather than longitudinal, it is not possible to 

confirm whether body weight affects CORT or visa-versa. Heavier birds could 

experience fewer homeostatic challenges or could be better able to cope with such 

challenges and maintain lower CORT (López-Jiménez et al., 2017). Nutritional stress 

could both reduce body weight and increase allostatic load and increased allostatic 

load has been shown to upregulate CORT (Johns et al., 2018). Alternatively, the 

results could indicate carry-over effects of stressful environmental conditions during 

moult (Legagneux et al., 2013; Latta et al., 2016). For instance, unusually arid 

conditions were associated with increased CORT in House Sparrows (Treen et al., 
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2015). Awerman and Romero (2010) and Busch et al. (2008) show that elevated 

CORT increases protein metabolism and muscle-wasting, providing a physiological 

mechanism for weight loss. Research on other Arctic-breeding waterfowl suggests that 

external environmental factors have a stronger influence on CORT than intrinsic 

factors (Legagneux et al., 2013). If the same is true for Barnacle Geese, CORT could 

provide a medium for carry-over effects across the annual cycle. By the same process, 

the results could indicate a cost of reproduction: at the end of the breeding season, 

successful breeders may have higher CORT following the stress of raising offspring 

compared to failed or sabbatical breeders (Crossin et al., 2017; Ibañez et al., 2018; 

Ramos et al., 2018). Although Barnacle Goslings are precocial, offspring typically 

remain with the parents for their first year, requiring some form of care (Black, Prop 

and Larsson, 2014). Ramos et al. (2018) show that the cost of reproduction can be 

physiologically mediated by CORT from breeding to winter season in Cory’s 

Shearwater Calonectris borealis. However, due to the remote breeding sites of 

Barnacle Geese, it was not possible to know if individuals in this study successfully 

reared offspring that were lost prior to sampling (i.e. prior to arrival on the winter 

grounds), therefore the relationship between breeding success and CORT could not 

be tested. 

 

Understanding endocrine-morphology relationships is useful in the current period of 

rapid global change. Endocrine-disrupting contaminants released by agricultural and 

industrial activity are increasingly known to interfere with natural endocrinological 

function and are exacerbated by weather extremes associated with climate disruption 

(Jenssen, 2006; Norris, 2018). Climate disruption and accumulation of endocrine-

disrupting contaminants are amplified in the Arctic compared to lower latitudes as heat 

and contaminants are transported northward on natural currents (Bekryaev, Polyakov 

and Alexeev, 2010; AMAP, 2015; Praetorius et al., 2018). Glucocorticoids (including 

CORT) that regulate adaptation to stress are among the most susceptible hormones 

to contaminant disruption (Jenssen, 2006). Indeed, there is already evidence that 

exposure to endocrine-disrupting contaminants interferes with the normal behavioural 

and physiological responses to acute stress in Svalbard Barnacle Geese; individuals 

exposed to trace metals at coal-mining sites were found to erratically increase CORT 

secretion during subsequent stress tests (Scheiber et al., 2018). The effects of 

environmental change are evident in other systems: Carolina Chickadees Poecile 
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carolinensis in forest disturbed by logging had elevated CORT and lower body mass 

compared to chickadees from undisturbed forest (Lucas et al., 2006). Adélie Penguins 

Pygoscelis adeliae confronted with unusual sea ice conditions in the Antarctic had 

elevated CORT and lower body weight (Cockrem, Potter and Candy, 2006). Barn Owl 

Tyto alba nestlings growing up in intensive agricultural areas in Switzerland also had 

elevated baseline CORT and lower body weight (Almasi et al., 2015). Upregulation of 

CORT could be an adaptive response to maintain condition in the face of stressors 

(e.g. Rivers et al., 2017; Vágási et al., 2018) but could also negatively impact, for 

example, future reproductive investment (Kouwenberg et al., 2013; Crossin et al., 

2017) and survival (Koren et al., 2012). 

 

This study is one of few to investigate DHEA-morphology relationships in birds. 

Although a small number of studies have established DHEA-morphology links in birds 

and mammals (e.g. Spinney, Bentley and Hau, 2006; de Heredia et al., 2007) and we 

hypothesised that DHEA-morphology relationships might manifest via dominant 

behaviour and improved access to resources, our analysis did not provide robust 

evidence to relate winter DHEA to winter body weight, size or facial plumage in 

Barnacle Geese. Poisbleau, Lacroix and Chastel (2009) also found no correlation 

between DHEA and body condition in Brent Geese, adding to evidence that DHEA is 

not strongly associated with these morphological traits. DHEA may have a stronger 

relationship with behavioural traits or other morphological traits not tested in this study. 

DHEA may also play different roles depending on the territoriality or gregariousness 

of a species (compare Hau, Stoddard and Soma, 2004, to Poisbleau, Lacroix and 

Chastel, 2009). Future studies on a greater taxonomic range of birds are warranted to 

shed light on this. The analysis also detected no relationship between CORT and 

tarsus length or cheek patch size, providing no support for a link between CORT and 

body size or a role of CORT in social signalling in Barnacle Geese, despite strong 

evidence of such links in other bird species (e.g. Grunst et al., 2015; López-Jiménez 

et al., 2017). 
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Conclusion 

Understanding the mechanistic role hormones such as CORT and DHEA play in free-

living birds provides insight into the links between environment, individual and 

population. These hormones are principal regulators of the avian endocrine system. 

However, the downstream effects of CORT on morphological traits on which natural 

selection can act are less well studied in free-living populations and the downstream 

effects of DHEA on both morphology and fitness are not well studied. This cross-

sectional study provides evidence of a correlation between moulting season feather 

CORT and subsequent winter body weight in free-living Barnacle Geese. It is widely 

accepted that chronically elevated CORT has negative effects on fitness in birds, but 

our results suggest that, in Barnacle Geese, this effect could be associated with 

variation in body weight. It may also broaden our understanding of some of the ways 

in which bird physiology may be affected by or adapt to environmental change. 

  



Manuscript IV 

143 
 

Acknowledgements 

 
We thank the National Parks and Wildlife Service of the Government of Ireland, in particular David 
Tierney, for supporting the sampling operation. This work would not have been possible without the 
assistance of Stuart Bearhop, Daniel Moloney, Dave Suddaby, Ewan Weston, Kerry Mackie and Mark 
Crowe. We are very grateful to those who assisted with data collection or analysis: Andrea Soriano-
Redondo, Christian Glahder, Conor Bracken, Darren O’Connell, Declan Manley, Fionn Ó Marcaigh, 
Jamie Darby, John Browne, Kieran Craven, Martin Enright, Maurice Cassidy, Patrick Manley, Niamh 
Fitzgerald and Richard Nairn. We also thank two anonymous reviewers who improved previous drafts 
of our manuscript. 
 

Author contributions 

 
SD, DC and BJM conceived ideas and designed methodology. SD, DC, BJM, AW and KC captured 
birds and collected samples, with DC responsible for all historic data. SD and JF conducted 
corticosterone measurements and SD and YL conducted plumage measurements. SD analysed the 
data, with assistance from BJM, and led writing of the manuscript. All authors contributed critically to 
drafts and gave final approval for publication 

 

References 

 

Abràmoff, M. D., Magalhães, P. J. and Ram, S. J. (2004) ‘Image processing with ImageJ’, 
Biophotonics International, 11(7), pp. 36–41. 

Almasi, B. et al. (2015) ‘Agricultural land use and human presence around breeding sites increase 
stress-hormone levels and decrease body mass in Barn Owl nestlings’, Oecologia, 179(1), pp. 89–
101. doi: 10.1007/s00442-015-3318-2. 

AMAP (2015) Temporal trends in persistent organic pollutants in the Arctic. Oslo, Norway. Available 
at: https://www.amap.no/documents/download/2866/inline. 

Awerman, J. L. and Romero, L. M. (2010) ‘Chronic psychological stress alters body weight and blood 
chemistry in European Starlings (Sturnus vulgaris)’, Comparative Biochemistry and Physiology - A 
Molecular and Integrative Physiology. Elsevier Inc., 156(1), pp. 136–142. doi: 
10.1016/j.cbpa.2010.01.010. 

Badás, E. P. et al. (2018) ‘Colour change in a structural ornament is related to individual quality, 
parasites and mating patterns in the Blue Tit’, Science of Nature, 105, p. 17. doi: 10.1007/s00114-
018-1539-z. 

Bates, D. et al. (2015) ‘Fitting linear mixed-effects models using lme4’, Journal of Statistical Software, 
67(1), pp. 1–48. doi: 10.18637/jss.v067.i01. 

Bekryaev, R. V., Polyakov, I. V. and Alexeev, V. A. (2010) ‘Role of polar amplification in long-term 
surface air temperature variations and modern Arctic’, Journal of Climate, 23(14), pp. 3888–3906. doi: 
10.1175/2010JCLI3297.1. 

Black, J. M., Prop, J. and Larsson, K. (2014) The Barnacle Goose. 1st edn. London: T & AD Poyser. 

Bonier, F. et al. (2009) ‘Do baseline glucocorticoids predict fitness?’, Trends in Ecology and Evolution, 
24(11), pp. 634–642. doi: 10.1016/j.tree.2009.04.013. 

Bortolotti, G. R. et al. (2008) ‘Corticosterone in feathers is a long-term, integrated measure of avian 
stress physiology’, Functional Ecology, 22(3), pp. 494–500. doi: 10.1111/j.1365-2435.2008.01387.x. 

Busch, D. S. et al. (2008) ‘Impacts of frequent, acute pulses of corticosterone on condition and 
behavior of Gambel’s White-crowned Sparrow (Zonotrichia leucophrys gambelii)’, General and 
Comparative Endocrinology, 158(3), pp. 224–233. doi: 10.1016/j.ygcen.2008.07.010. 



Manuscript IV 

144 
 

Cabot, D. et al. (1984) Biological Expedition of Jameson Land Greenland 1984. 1st edn. Dublin, 
Ireland: Barnacle Books. 

Choudhury, S., Black, J. M. and Owen, M. (1996) ‘Body size, fitness and compatibility in Barnacle 
Geese Branta leucopsis’, Ibis, 138(4), pp. 700–709. doi: 10.1111/j.1474-919X.1996.tb04772.x. 

Cockrem, J. F., Potter, M. A. and Candy, E. J. (2006) ‘Corticosterone in relation to body mass in 
Adelie Penguins (Pygoscelis adeliae) affected by unusual sea ice conditions at Ross Island, 
Antarctica’, General and Comparative Endocrinology, 149(3), pp. 244–252. doi: 
10.1016/j.ygcen.2006.06.002. 

Creel, S. et al. (2013) ‘The ecology of stress: effects of the social environment’, Functional Ecology, 
27(1), pp. 66–80. doi: 10.1111/j.1365-2435.2012.02029.x. 

Crossin, G. T. et al. (2017) ‘Costs of reproduction and carry-over effects in breeding albatrosses’, 
Antarctic Science, 29(2), pp. 155–164. doi: 10.1017/S0954102016000560. 

Grace, J. K. and Anderson, D. J. (2018) ‘Early-life maltreatment predicts adult stress response in a 
long-lived wild bird’, Biology Letters, 14, p. 20170679. doi: 10.1098/rsbl.2017.0679. 

Grunst, M. L. et al. (2015) ‘Pigment-specific relationships between feather corticosterone 
concentrations and sexual coloration’, Behavioral Ecology, 26(3), pp. 706–715. doi: 
10.1093/beheco/aru210. 

Hahn, S., Loonen, M. J. J. E. and Klaassen, M. (2011) ‘The reliance on distant resources for egg 
formation in high Arctic breeding Barnacle Geese Branta leucopsis’, Journal of Avian Biology, 42(2), 
pp. 159–168. doi: 10.1111/j.1600-048X.2010.05189.x. 

Harms, N. J. et al. (2015) ‘Feather corticosterone reveals effect of moulting conditions in the autumn 
on subsequent reproductive output and survival in an Arctic migratory bird’, Proceedings of the Royal 
Society B: Biological Sciences, 282(1800), p. 20142085. doi: 10.1098/rspb.2014.2085. 

Hau, M. et al. (2010) ‘Corticosterone, testosterone and life-history strategies of birds’, Proceedings of 
the Royal Society B: Biological Sciences, 277(1697), pp. 3203–3212. doi: 10.1098/rspb.2010.0673. 

Hau, M., Stoddard, S. T. and Soma, K. K. (2004) ‘Territorial aggression and hormones during the non-
breeding season in a tropical bird’, Hormones and Behavior, 45(1), pp. 40–49. doi: 
10.1016/j.yhbeh.2003.08.002. 

de Heredia, F. P. et al. (2007) ‘Effect of dehydroepiandrosterone on protein and fat digestibility, body 
protein and muscular composition in high-fat-diet-fed old rats’, British Journal of Nutrition, 97(3), pp. 
464–470. doi: 10.1017/S0007114507332546. 

Hull, K. L. et al. (2007) ‘Effects of corticosterone treatment on growth, development, and the 
corticosterone response to handling in young Japanese Quail (Coturnix coturnix japonica)’, 
Comparative Biochemistry and Physiology - A Molecular and Integrative Physiology, 148(3), pp. 531–
543. doi: 10.1016/j.cbpa.2007.06.423. 

Ibañez, A. E. et al. (2018) ‘Declining health status of Brown Skua (Stercorarius antarcticus lonnbergi) 
parents and their offspring during chick development’, Polar Biology, 41(1), pp. 193–200. doi: 
10.1007/s00300-017-2181-5. 

Jawor, J. M. and Breitwisch, R. (2003) ‘Melanin ornaments, honesty, and sexual selection’, The Auk, 
120(2), pp. 249–265. doi: 10.1093/auk/120.2.249. 

Jenni-Eiermann, S. et al. (2015) ‘Corticosterone: effects on feather quality and deposition into 
feathers’, Methods in Ecology and Evolution, 6(2), pp. 237–246. doi: 10.1111/2041-210X.12314. 

Jenssen, B. M. (2006) ‘Endocrine-disrupting chemicals and climate change: a worst-case combination 
for Arctic marine mammals and seabirds?’, Environmental Health Perspectives, 114(Suppl 1), pp. 76–
80. doi: 10.1289/ehp.8057. 

Johns, D. W. et al. (2018) ‘Biomarker of burden: feather corticosterone reflects energetic expenditure 
and allostatic overload in captive waterfowl’, Functional Ecology, 32(2), pp. 345–357. doi: 
10.1111/1365-2435.12988. 

Koren, L. et al. (2012) ‘Non-breeding feather concentrations of testosterone, corticosterone and 
cortisol are associated with subsequent survival in wild House Sparrows’, Proceedings of the Royal 
Society B: Biological Sciences, 279(1733), pp. 1560–1566. doi: 10.1098/rspb.2011.2062. 



Manuscript IV 

145 
 

Kouwenberg, A. L. et al. (2013) ‘Corticosterone and stable isotopes in feathers predict egg size in 
Atlantic Puffins Fratercula arctica’, Ibis, 155(2), pp. 413–418. doi: 10.1111/ibi.12030. 

Kurvers, R. H. J. M. et al. (2010) ‘The effect of personality on social foraging: shy Barnacle Geese 
scrounge more’, Proceedings of the Royal Society B: Biological Sciences, 277(1681), pp. 601–608. 
doi: 10.1098/rspb.2009.1474. 

Larsson, K. (1996) ‘Genetic and environmental effects on the timing of wing moult in the Barnacle 
Goose’, Heredity, 76(1), pp. 100–107. doi: 10.1038/hdy.1996.13. 

Latta, S. C. et al. (2016) ‘Carry-over effects provide linkages across the annual cycle of a Neotropical 
migratory bird, the Louisiana Waterthrush Parkesia motacilla’, Ibis, 158(2), pp. 395–406. doi: 
10.1111/ibi.12344. 

Legagneux, P. et al. (2013) ‘Does feather corticosterone reflect individual quality or external stress in 
Arctic-nesting migratory birds?’, PLoS ONE, 8(12), p. e82644. doi: 10.1371/journal.pone.0082644. 

López-Jiménez, L. et al. (2017) ‘Lifetime variation in feather corticosterone levels in a long-lived 
raptor’, Oecologia, 183(2), pp. 315–326. doi: 10.1007/s00442-016-3708-0. 

Lucas, J. R. et al. (2006) ‘Fecal corticosterone, body mass, and caching rates of Carolina Chickadees 
(Poecile carolinensis) from disturbed and undisturbed sites’, Hormones and Behavior, 49(5), pp. 634–
643. doi: 10.1016/j.yhbeh.2005.12.012. 

Müller, C., Jenni-Eiermann, S. and Jenni, L. (2009) ‘Effects of a short period of elevated circulating 
corticosterone on postnatal growth in free-living Eurasian Kestrels Falco tinnunculus’, Journal of 
Experimental Biology, 212(9), pp. 1405–1412. doi: 10.1242/jeb.024455. 

Newman, A. E. M. et al. (2010) ‘Corticosterone and dehydroepiandrosterone have opposing effects 
on adult neuroplasticity in the avian song control system’, Journal of Comparative Neurology, 518(18), 
pp. 3662–3678. doi: 10.1002/cne.22395. 

Newman, A. E. M. et al. (2013) ‘Stress in the wild: chronic predator pressure and acute restraint affect 
plasma DHEA and corticosterone levels in a songbird’, Stress, 16(3), pp. 363–367. doi: 
10.3109/10253890.2012.723076. 

Norris, D. O. (2018) ‘Comparative endocrinology: past, present, and future’, Integrative and 
comparative biology, 58(6), pp. 1033–1042. doi: 10.1093/icb/icy107. 

Orr, H. A. (2009) ‘Fitness and its role in evolutionary genetics’, Nature Reviews Genetics, 10(8), pp. 
531–539. doi: 10.1038/nrg2603. 

Poisbleau, M. et al. (2006) ‘Social dominance correlates and family status in wintering Dark-bellied 
Brent Geese, Branta bernicla bernicla’, Animal Behaviour, 71(6), pp. 1351–1358. doi: 
10.1016/j.anbehav.2005.09.014. 

Poisbleau, M., Lacroix, A. and Chastel, O. (2009) ‘DHEA levels and social dominance relationships in 
wintering Brent Geese (Branta bernicla bernicla)’, Behavioural Processes, 80(1), pp. 99–103. doi: 
10.1016/j.beproc.2008.08.002. 

Praetorius, S. et al. (2018) ‘Global and Arctic climate sensitivity enhanced by changes in North Pacific 
heat flux’, Nature Communication, 9, p. 3124. doi: 10.1038/s41467-018-05337-8. 

R Core Team (2018) R: A language and environment for statistical computing. Vienna: R Foundation 
for Statistical Computing. Available at: https://www.r-project.org/. 

Ramos, R. et al. (2018) ‘Costs of breeding are rapidly buffered and do not affect migratory behavior in 
a long-lived bird species’, Ecology, 99(9), pp. 2010–2024. doi: 10.1002/ecy.2435. 

Reed, G. F., Lynn, F. and Meade, B. D. (2002) ‘Use of coefficient of variation in assessing variability 
of quantitative assays’, Clinical and diagnostic laboratory immunology, 9(6), pp. 1235–1239. doi: 
10.1128/CDLI.9.6.1235–1239.2002. 

Rivers, J. W. et al. (2017) ‘Success despite the stress: Violet-green Swallows increase glucocorticoids 
and maintain reproductive output despite experimental increases in flight costs’, Functional Ecology, 
31(1), pp. 235–244. doi: 10.1111/1365-2435.12719. 



Manuscript IV 

146 
 

Romero, M. L. (2002) ‘Seasonal changes in plasma glucocorticoid concentrations in free-living 
vertebrates’, General and Comparative Endocrinology, 128, pp. 1–24. doi: 10.1016/S0016-
6480(02)00064-3. 

Sapolsky, R. M., Romero, L. M. and Munck, A. U. (2000) ‘How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions’, Endocrine 
Reviews, 21(1), pp. 55–89. doi: 10.1210/er.21.1.55. 

Scheiber, I. B. R. et al. (2018) ‘Stress behaviour and physiology of developing Arctic Barnacle 
Goslings (Branta leucopsis) is affected by legacy trace contaminants’, Proceedings of the Royal 
Society B: Biological Sciences, 285(1893), p. 20181866. doi: 10.1098/rspb.2018.1866. 

Scherer, I., Holmes, P. V. and Harris, R. B. S. (2011) ‘The importance of corticosterone in mediating 
restraint-induced weight loss in rats’, Physiology and Behavior. Elsevier Inc., 102(2), pp. 225–233. 
doi: 10.1016/j.physbeh.2010.11.014. 

Schoech, S. J., Rensel, M. A. and Heiss, R. S. (2011) ‘Short- and long-term effects of developmental 
corticosterone exposure on avian physiology, behavioral phenotype, cognition, and fitness: a review’, 
Current Zoology, 57(4), pp. 514–530. doi: 10.1093/czoolo/57.4.514. 

Schoenle, L. A. et al. (2018) ‘Higher plasma corticosterone is associated with reduced costs of 
infection in Red-winged Blackbirds’, General and Comparative Endocrinology, 256, pp. 89–98. doi: 
10.1016/j.ygcen.2017.07.006. 

Soma, K. K. et al. (2008) ‘Novel mechanisms for neuroendocrine regulation of aggression’, Frontiers 
in Neuroendocrinology, 29(4), pp. 476–489. doi: 10.1016/j.yfrne.2007.12.003. 

Soma, K. K. et al. (2015) ‘DHEA effects on brain and behavior: insights from comparative studies of 
aggression’, Journal of Steroid Biochemistry and Molecular Biology, 145, pp. 261–272. doi: 
10.1016/j.jsbmb.2014.05.011. 

Spinney, L. H., Bentley, G. E. and Hau, M. (2006) ‘Endocrine correlates of alternative phenotypes in 
the White-throated Sparrow (Zonotrichia albicollis)’, Hormones and Behavior, 50(5), pp. 762–771. doi: 
10.1016/j.yhbeh.2006.06.034. 

Taff, C. C., Schoenle, L. A. and Vitousek, M. N. (2018) ‘The repeatability of glucocorticoids: a review 
and meta-analysis’, General and Comparative Endocrinology, 260, pp. 136–145. doi: 
10.1016/j.ygcen.2018.01.011. 

Tombre, I. M., Erikstad, K. E. and Bunes, V. (2012) ‘State-dependent incubation behaviour in the high 
Arctic Barnacle Geese’, Polar Biology, 35(7), pp. 985–992. doi: 10.1007/s00300-011-1145-4. 

Treen, G. D. et al. (2015) ‘Large-scale spatial variation in feather corticosterone in invasive House 
Sparrows (Passer domesticus) in Mexico is related to climate’, Ecology and Evolution, 5(17), pp. 
3808–3817. doi: 10.1002/ece3.1638. 

Vágási, C. I. et al. (2018) ‘Experimental increase in baseline corticosterone level reduces oxidative 
damage and enhances innate immune response’, PLoS ONE, 13(2), p. e0192701. doi: 
10.1371/journal.pone.0192701. 

Wacker, D. W. et al. (2016) ‘Dehydroepiandrosterone heightens aggression and increases androgen 
receptor and aromatase mRNA expression in the brain of a male songbird’, Journal of 
neuroendocrinology, 28(12), p. 10.1111/jne.12443. doi: 10.1111/jne.12443. 

Wang, Z., Wang, B. and Lu, J. (2011) ‘Behavioral and physiological responses of striped field mice 
(Apodemus agrarius) to predator odor’, Integrative Zoology, 6(4), pp. 334–340. doi: 10.1111/j.1749-
4877.2011.00262.x. 

Wingfield, J. C. et al. (2018) ‘Brain-derived steroids, behavior and endocrine conflicts across life 
history stages in birds: a perspective’, Frontiers in Endocrinology, 9, p. 270. doi: 
10.3389/fendo.2018.00270. 

Wingfield, J. C. (2018) ‘Environmental endocrinology: insights into the diversity of regulatory 
mechanisms in life cycles’, Integrative and Comparative Biology, 58(4), pp. 790–799. doi: 
10.1093/icb/icy081. 

Yee, T. W. (2015) Vector Generalized Linear and Additive Models: with an implementation in R. New 
York, USA: Springer.  



Manuscript IV 

147 
 

 

Supplementary Material 5.1 Capture effort 

 

 

Table S5.1.1 Annual breakdown of the 
 number of Barnacle Geese captured 
from 1970-2018. 

year n 

1970 1 

1972 1 

1974 2 

1979 2 

1981 3 

1982 2 

1983 5 

1984 1 

1985 2 

1987 5 

1988 7 

2015 11 

2017 9 

2018 2 
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Supplementary Material 5.2 Results of likelihood ratio tests 

 
i. Body-weight (weight) as a function of corticosterone (cort), accounting for sex 

(sex), body size (tarsus) and the interaction between corticosterone and 
quadratic and linear effects of the number of days of winter elapsed (days and 
days^2). 

 

• Test interaction between cort and days^2 (remove) 
 

 Model 1: weight ~ sex + tarsus + cort * days + I(days^2) 
 Model 2: weight ~ sex + tarsus + cort * days + cort * I(days^2) 
 
   Model Res.Df    RSS  Df  Sum of Sq Pr(>Chi) 
 1      44  964579                       
 2      43  927832   1      36747     0.1919 

 

• Test interaction between cort and days (remove) 
 
 Model 1: weight ~ sex + tarsus + cort + days + I(days^2) 
 Model 2: weight ~ sex + tarsus + cort * days + I(days^2) 
   
 Model Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
 1      45  997606                       
 2      44  964579   1      33028     0.2197 

 

• Test days^2 (remove) 
 

 Model 1: weight ~ sex + tarsus + cort + days 
 Model 2: weight ~ sex + tarsus + cort + days + I(days^2) 
 
 Model   Res.Df     RSS  Df  Sum of Sq  Pr(>Chi) 
 1      46  1029906                       
 2      45   997606   1     32300     0.2274 

 

• Test days (retain) 
 

 Model 1: weight ~ sex + tarsus + cort 
 Model 2: weight ~ sex + tarsus + cort + days 
   
 Model Res.Df     RSS  Df  Sum of Sq  Pr(>Chi)   
 1      47  1144008                         
 2      46  1029906  1     114102    0.02398 * 

 

• Test sex (retain) 
 

 Model 1: weight ~ tarsus + cort + days 
 Model 2: weight ~ sex + tarsus + cort + days 
 
  Model  Res.Df     RSS  Df  Sum of Sq  Pr(>Chi)   
 1     47  1171506                         
 2      46  1029906  1     141600    0.01191 * 
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• Test tarsus (retain) 
 
 Model 1: weight ~ sex + cort + days 
 Model 2: weight ~ sex + tarsus + cort + days 
 
 Model   Res.Df     RSS  Df  Sum of Sq  Pr(>Chi)   
 1      47  1098048                         
 2      46  1029906  1      68142    0.08106 . 

 

• Test corticosterone (retain) 
 
 Model 1: weight ~ sex + tarsus + days 
 Model 2: weight ~ sex + tarsus + cort + days 
 
 Model   Res.Df     RSS  Df  Sum of Sq  Pr(>Chi)    
 1      47  1184151                          
 2     46  1029906  1     154244   0.008672 ** 

 

• Final model 
 

weight ~ sex + tarsus + cort + days 

___________________________________________________________________ 
 

ii. Cheek patch size (patch) as a function of corticosterone (cort), accounting for 
sex (sex) and the interaction between corticosterone and quadratic and linear 
effects of the number of days of winter elapsed (days and days^2). 

 

• Test interaction between cort and days^2 (remove) 
  
 Model 1: patch ~ sex + cort * days + I(days^2) 
 Model 2: patch ~ sex + cort * days + cort * I(days^2) 
 
   Model Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
 1      41  7323.4                       
 2      40  7239.6   1     83.788     0.4963 

 

• Test interaction between cort and days (remove) 
 
 Model 1: patch ~ sex + cort + days + I(days^2) 
 Model 2: patch ~ sex + cort * days + I(days^2) 
    
 Model  Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
 1      42  7598.4                       
 2      41  7323.4   1     274.95     0.2147 

 

• Test days^2 (remove) 
 

 Model 1: patch ~ sex + cort + days 
 Model 2: patch ~ sex + cort + days + I(days^2) 
  
 Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
 1      43  7859.4                       
 2      42  7598.4   1        261     0.2297 
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• Test linear effect of days (retain) 
 

Model 1: patch ~ sex + cort 
Model 2: patch ~ sex + cort + days 
 
 Model  Res.Df    RSS  Df  Sum of Sq  Pr(>Chi)    
 1      44 9266.3                          
 2      43  7859.4   1     1406.9    0.00553 ** 

 

• Test sex (remove) 
 

 Model 1: patch ~ cort + days 
 Model 2: patch ~ sex + cort + days 
 
 Model  Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
 1      44  7999.1                       
 2      43  7859.4   1     139.77     0.3819 

 

• Test cort (remove) 
 

Model 1: patch ~ days 
Model 2: patch ~ cort + days 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
1      45  8200.1                       
2      44  7999.1   1     200.94     0.2931 

 

• Final model 
 

patch ~ days 

___________________________________________________________________ 
 
iii. Corticosterone (cort) as a function of body size (tarsus), accounting for sex 

(sex) 
 

• Test sex (remove) 
 

 Model 1: cort ~ tarsus 
Model 2: cort ~ sex + tarsus 
 
Model   #Df   LogLik  Df   Chisq  Pr(>Chisq) 
1    3  -109.63                      
2    4  -109.40   1  0.4455     0.5045 

 

• Test tarsus (remove) 
 

Model 1: cort ~ 1 
Model 2: cort ~ tarsus 
 
Model   #Df   LogLik  Df  Chisq  Pr(>Chisq) 
1    2  -109.63                     
2    3  -109.63   1 0.0007    0.979 
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• Final model 
 

cort ~ 1 

___________________________________________________________________ 

iv. Body-weight (weight) as a function of dehydroepiandrosterone (dhea), 
accounting for sex (sex), body size (tarsus) and the interaction between 
dehydroepiandrosterone and quadratic and linear effects of the number of 
days of winter elapsed (days and days^2). 

 

• Test interaction between dhea and days^2 (remove) 
 
Model 1: weight ~ sex + tarsus + dhea * days + I(days^2) 
Model 2: weight ~ sex + tarsus + dhea * days + dhea * I(days^2) 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
1     27  688258                       
2      26  636422   1      51836     0.1456 

 

• Test interaction between dhea and days (remove) 
 

Model 1: weight ~ sex + tarsus + dhea + days + I(days^2) 
Model 2: weight ~ sex + tarsus + dhea * days + I(days^2) 
 
Model  Res.Df     RSS  Df  Sum of Sq  Pr(>Chi) 
1      28  727464                       
2      27  688258   1      39206     0.2149 
 

• Test days^2 (remove) 
 

Model 1: weight ~ sex + tarsus + dhea + days 
Model 2: weight ~ sex + tarsus + dhea + days + I(days^2) 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
1      29  786422                       
2      28  727464   1      58957      0.132 
 

• Test days (retain) 
 

Model 1: weight ~ sex + tarsus + dhea 
Model 2: weight ~ sex + tarsus + dhea + days 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi)   
1      30  962921                         
2      29  786422   1     176500    0.01074 * 
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• Test sex (retain) 
 

Model 1: weight ~ tarsus + dhea + days 
Model 2: weight ~ sex + tarsus + dhea + days 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi)   
1      30  865556                         
2      29  786422   1      79135    0.08759 . 

 

• Test tarsus (retain) 
 

Model 1: weight ~ sex + dhea + days 
Model 2: weight ~ sex + tarsus + dhea + days 
Model  Res.Df    RSS  Df  Sum of Sq  Pr(>Chi)   
1      30  863178                         
2      29  786422   1      76757    0.09249 . 

 

• Test dhea (retain) 
 

Model 1: weight ~ sex + tarsus + days 
Model 2: weight ~ sex + tarsus + dhea + days 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi)   
1      30  876652                         
2      29  786422   1      90230    0.06814 . 

 

• Final model 
 

weight ~ sex + tarsus + dhea + days 
_________________________________________________________________________________ 

 
v. Cheek patch size (patch) as a function of dehydroepiandrosterone (dhea), 

accounting for sex (sex) and the interaction between dehydroepiandrosterone 
and quadratic and linear effects of the number of days of winter elapsed (days 
and days^2). 
 

• Test interaction between dhea and days^2 (remove) 
 
Model 1: patch ~ sex + dhea * days + I(days^2) 
Model 2: patch ~ sex + dhea * days + dhea * I(days^2) 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
1      27  4292.6                       
2      26  4018.8   1     273.75     0.1833 

 
 
 
 
 
 
 
 



Manuscript IV 

153 
 

• Test interaction between dhea and days (remove) 
 

Model 1: patch ~ sex + dhea + days + I(days^2) 
Model 2: patch ~ sex + dhea * days + I(days^2) 
 
Model Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
1      28  4331.8                       
2      27  4292.6   1     39.229     0.6194 

 

• Test days^2 (remove) 
 

Model 1: patch ~ sex + dhea + days 
Model 2: patch ~ sex + dhea + days + I(days^2) 
  
Model  Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
1      29  4335.2                       
2      28  4331.8   1     3.4047     0.8821 

 

• Test days (retain) 
 

Model 1: patch ~ sex + dhea 
Model 2: patch ~ sex + dhea + days 
 
Model  Res.Df    RSS  Df  Sum of Sq  Pr(>Chi)   
1      30  4804.8                         
2      29  4335.2   1     469.57    0.07634 . 

 

• Test sex (remove) 
 

Model 1: patch ~ dhea + days 
Model 2: patch ~ sex + dhea + days 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi) 
1      30  4477.7                       
2      29  4335.2   1     142.56     0.3288 

 

• Test dhea (retain) 
 

Model 1: patch ~ days 
Model 2: patch ~ dhea + days 
 
Model   Res.Df    RSS  Df  Sum of Sq  Pr(>Chi)   
1      31  4894.4                         
2      30  4477.7   1     416.69    0.09475 . 

 

• Final model 
 

patch ~ dhea + days 

___________________________________________________________________ 
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vi. Dehydroepiandrosterone (dhea) as a function of body size (tarsus), 
accounting for sex (sex), handling time (minutes) and linear and quadratic 
effects of the number of days of winter elapsed (days and days^2). 

 

• Test days^2 (remove) 
 
Model 1: dhea ~ sex + minutes + days + tarsus 
Model 2: dhea ~ sex + minutes + days + I(days^2) + tarsus 
 
Model   #Df   LogLik  Df   Chisq  Pr(>Chisq) 
1   64  -47.888                      
2   63  -47.794  -1  0.1888      0.664 

 

• Test days (remove) 
 
Model 1: dhea ~ sex + minutes + tarsus 
Model 2: dhea ~ sex + minutes + days + tarsus 
 
Model   #Df   LogLik  Df   Chisq  Pr(>Chisq) 
1   65  -48.124                      
2   64  -47.888  -1  0.4707     0.4927 

 

• Test minutes (remove) 
 
Model 1: dhea ~ sex + tarsus 
Model 2: dhea ~ sex + handling_mins + tarsus 
 
Model   #Df   LogLik  Df  Chisq  Pr(>Chisq) 
1   66  -48.137                      
2   65  -48.124  -1  0.0263     0.8711 

 

• Test sex (remove) 
 

Model 1: dhea ~ tarsus 
Model 2: dhea ~ sex + tarsus 
 
Models   #Df   LogLik  Df  Chisq  Pr(>Chisq) 
1   67  -48.502                      
2   66  -48.137  -1  0.7294     0.3931 

 

• Test tarsus (remove) 
 

Model 1: dhea ~ 1 
Model 2: dhea ~ tarsus 
 
Models   #Df   LogLik  Df   Chisq  Pr(>Chisq) 
1   68  -48.517                      
2   67  -48.502  -1  0.0316     0.8589 

 

• Final model 
 
dhea ~ 1 
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Anthropogenic impacts on Arctic fauna 

The extensive declines observed in many animal populations around the world (Dirzo 

et al., 2014; Young et al., 2016; Ceballos, Ehrlich and Dirzo, 2017) contrast sharply 

with the world Barnacle Goose population, which increased rapidly from ~30,000 in 

the 1950s to ~1,300,000 by the 2010s (Boyd, 1961; Fox and Leafloor, 2018). The 

studies presented in this thesis provide an overview of the anthropogenic impacts on 

Arctic-breeding birds since the mid-20th century, with a particular focus on Barnacle 

Geese.  

 

It is widely accepted that harvest for subsistence and sport has had a profound effect 

on Arctic fauna, leading to numerous population declines and possible extinctions (e.g. 

Eskimo Curlew Numenius borealis; Andres et al., 2012). Barnacle Geese experienced 

a large decline in abundance in the early-20th century due to hunting (Fox and Madsen, 

2017). However, protective legislation introduced since the mid-20th century has 

reduced harvest pressure on many species, leading to some spectacular population 

recoveries (e.g. Common Eider Somateria mollissima; Merkel, 2010). Protection led 

directly to an unprecedented recovery of all Barnacle Goose populations (Fox and 

Madsen, 2017). It is also widely accepted that agricultural intensification has impacted 

Arctic migrant fauna on their wintering grounds. For example, grassland crop 

intensification using modern agricultural technology provides an abundant novel 

forage resource for many overwintering migrants, including Barnacle Geese, indirectly 

contributing to population growth (Fox and Abraham, 2017). This thesis explored how 

climate disruption and other industries – which, in addition to agriculture and harvest, 

are the dominant influence on nature (IPBES, 2019) – may shape the population 

dynamics of Barnacle Geese. My literature review revealed that climate disruption 

impacts Arctic-breeding birds primarily through weather regime shifts, vegetation 

shifts, phenological mismatches and diminishing sea ice (chapter 2, manuscript I). 

Hydrocarbon and mineral extraction, chemical manufacture and fisheries are primary 

impacts of industrial activity (chapter 2, manuscript I). The following papers explored 

ways in which weather regime shifts, phenological mismatches and chemical 

contamination may relate to individual fitness and long-term trends in Barnacle Geese. 
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Population dynamics: individual fitness and long-term trends 

To explore the influence of world temperature and precipitation regimes shifts, I used 

a long-term demographic dataset to generate annual survival, productivity and 

abundance values for Greenland Barnacle Geese from 1968 to 2018 (chapter 3, 

manuscript II). I then tested the relationship between survival and productivity rates 

and temperature and precipitation rates in the breeding grounds (Greenland), staging 

grounds (Iceland) and wintering grounds (Ireland/Scotland). There were significant 

positive relationships between warmer, wetter conditions on the Icelandic spring 

staging grounds and survival rate. Spring temperature, precipitation and annual 

survival rate increased over the study period. Temperature and precipitation trends 

also correlated with abundance trends. Thus, I meet the first aim of this thesis and 

conclude that weather regime shifts on the spring staging grounds as a result of 

climate disruption influenced long-term survival rates in Greenland Barnacle Geese 

and contributed to the population increase. 

 

To explore potential effects of phenological mismatches, I used satellite telemetry data 

to determine the relative importance of environmental factors experienced by 

Greenland Barnacle Geese during spring and autumn migration (chapter 4, 

manuscript III). I performed a Markov state-switching model to detect transitions from 

non-migratory to migratory behaviour. I then related transition probability to three key 

environmental factors: photoperiod, air temperature and forage plant phenology. 

Migration was most closely associated with forage plant phenology in spring and most 

closely associated with air temperature in autumn. Thus, I meet the second aim of this 

thesis and conclude that Greenland Barnacle Geese closely align their migration with 

forage plant growth and falling temperatures during spring and autumn respectively, 

both of which are vulnerable to phenological shifts associated with climate disruption. 

 

Because recent literature highlights the issue of endocrine-disrupting contaminants in 

the Arctic, I explored how disruption to normal hormone expression could affect 

individual fitness in Barnacle Geese (chapter 5, manuscript IV). I measured 

corticosterone (CORT) and dehydroepiandrosterone (DHEA) concentrations from 

feather and blood samples of captured birds. I then tested relationships between 

hormone concentration and three key morphological fitness traits: body weight, body 
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size and facial plumage coloration. Individuals with higher CORT during late summer 

(July/August) had significantly lower body weight during the following winter 

(November - April). Thus, I meet the final aim of this thesis and conclude that 

environmental factors that interfere with CORT functioning in Barnacle Geese could 

have consequences for body weight regulation, which is a key fitness trait (Poisbleau 

et al., 2006; Hahn, Loonen and Klaassen, 2011; Tombre, Erikstad and Bunes, 2012). 

 

In summary, the population dynamics of the Greenland Barnacle Goose have been 

heavily shaped by anthropogenic activity since the mid-20th century. The impact of 

reduced harvest directly improved survival, while agricultural intensification and a 

warming climate have contributed indirectly to improved survival through bottom-up 

effects of forage plants, ultimately leading to an exponential increase in abundance. 

This currently outweighs potential consequences of phenological mismatch (effects of 

which have not yet become apparent for this population), vegetation shifts (which tend 

to be most severe for waders and passerines), and chemical pollution (which tends to 

be most severe at higher trophic levels). Although the productivity rate is not 

increasing, it has remained relatively stable since the mid-20th century. In contrast, the 

productivity rate among many other ground-nesting bird species has declined 

substantially. This is often due to excessive predation of young or eggs following 

extensive changes in the predator community composition as a result of human 

activity. However, less extensive changes to the predator community composition 

have occurred in remote high-Arctic regions compared to low-Arctic and temperate 

regions. Therefore, high-Arctic-breeding migrants such as geese can take advantage 

of the highly modified temperate/sub-Arctic environment during the non-breeding 

season, yet retain the advantages of nesting and raising young in the relatively 

unmodified high-Arctic environment.  

 

Global patterns in biodiversity 

Collectively, these results imply that certain advantageous life-history traits have come 

to prominence in the Anthropocene: the Barnacle Goose’s position as a migratory, 

obligate low-trophic herbivore and a highly protected species has played an important 

role in its population dynamics and it has become one of a number of Arctic and 

northern terrestrial herbivorous species with thriving population trends (e.g. Kéry, 
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Madsen and Lebreton, 2006; Ewacha, Roth and Brook, 2014; Vetter et al., 2015; Dawe 

and Boutin, 2016; Albon et al., 2017). Thus, just as human activity has created an ideal 

environment for highly generalist species (e.g. Corvidae among birds and Muridae 

among mammals), it appears that an ideal environment has also been created for 

northern terrestrial herbivores to thrive in the Anthropocene. Herbivorous Arctic 

mammals, such as reindeer Rangifer tarandus, also benefit from improved primary 

productivity during the breeding season, but, because their migratory extent is 

constrained compared to that of birds, they are unable to avoid difficulties associated 

with weather regime shifts during the non-breeding season, such as “rain-on-snow” 

events. However, herbivorous mammals of the sub-Arctic and temperate regions, such 

as boar and deer, do not face the same non-breeding season challenges and are 

experiencing greater population growth.  

 

It is important to appreciate that many of today’s overabundant herbivores are in an 

ecological trap. Anserinae in particular are heavily reliant on human-modified habitats 

during the non-breeding season. While our current environmental configuration 

benefits wintering geese, we have the capacity to re-model the environment at a rate 

that adaptation cannot keep pace with, sometimes in innocuous ways. For example, 

when the UK government increased sheep-dipping regulations from once to twice per 

year, many sheep farmers ceased grazing sheep on offshore islands due to the 

inconvenience. Without grazing sheep, the vegetation on these islands became 

unsuitably tall and dense for Barnacle Geese and they were permanently abandoned 

as foraging sites. Today’s overabundant generalists do not face such an ecological 

trap due to their behavioural plasticity. Although Barnacle Geese can show some 

behavioural plasticity in response to environmental change, certain constraints still 

cannot be avoided and will continue to regulate population dynamics. For example, 

Russian Barnacle Geese skip spring staging to reach the breeding grounds earlier, 

but are still constrained by the need to build body reserves before nesting.  

 

Just as overabundance of generalist “pest” species triggers human-wildlife conflict, 

overabundance of herbivorous species also leads to human-wildlife conflict when they 

compete with agricultural interests. The concentration of Barnacle Geese wintering on 

Islay now necessitates a lethal management plan to control damage to crops, while 

other goose, ungulate and boar species are regularly culled elsewhere in Europe and 
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North America. More recently, there is also concern for the effects of excessive 

herbivory on natural habitats and other wildlife, e.g. negative impacts to breeding 

waders following de-vegetation of the tundra by grazing geese and loss of foraging 

habitat for grouse following excessive browsing by deer in boreal forests. Barnacle 

Geese remain listed on Annex I of the European Birds Directive, despite the population 

recovery since their designation in 1979, and effective future management and 

conservation of the Greenland population will require comprehensive demographic 

models to predict the impact of management prescriptions on population trends. 

However, certain key factors regulating the productivity rate of the Greenland Barnacle 

Goose remain unknown due to their remote breeding grounds. The proportion of 

goslings that survive to fledging and the proportion of fledglings that survive to be 

recruited into the breeding population are uncertain. Similarly, the proportion of 

breeding pairs that attempt to nest but fail and the proportion of potentially breeding 

adults that forgo breeding in a given year are unknown. Sustained changes in any of 

these proportions as a result of human actions could have significant downstream 

impacts on population dynamics. In addition, the breeding success of the newly 

emerging Icelandic population has yet to be compared to the overall Greenland 

population. Direct observation in the Arctic breeding grounds or the use of satellite 

telemetry to infer breeding behaviour indirectly will be essential to answer such 

questions. 

Conclusion 

The findings of this thesis emphasise the profound effect of anthropogenic activity on 

nature. For over a century, anthropogenic modification, exploitation and climate 

disruption have dictated population dynamics in Barnacle Geese – first by reducing 

the population to critically low numbers, then by driving the population to exceptionally 

high numbers. Regrettably, neither is a favourable outcome; critically low numbers risk 

extinction, while exceptionally high numbers are accompanied by negative 

externalities on other species. Furthermore, the thriving trends among Anserinae are 

a clear example of species lured into an ecological trap. For example, Barnacle Goose 

abundance today is partly the result of plentiful agricultural forage resources, but 

changes to current practises – be it farming trends, cultural fashions, legislation or 

technology – could just as quickly withdraw this resource and collapse the population. 



Conclusion 
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Each chapter in this thesis demonstrates how anthropogenic activity influences nature 

in even the most remote places on Earth, echoing the findings of IPBES that humanity 

is now the dominant influence on nature. We can choose to use that influence to 

safeguard the balance of nature. 
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